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As a consequence of the 2010 – 2011 Canterbury earthquake sequence, Christchurch experienced widespread 
liquefaction, vertical settlement and lateral spreading. These geological processes caused extensive damage to 
both housing and infrastructure, and increased the need for geotechnical investigation substantially. Cone 
Penetration Testing (CPT) has become the most common method for liquefaction assessment in Christchurch, 
and issues have been identified with the soil behaviour type, liquefaction potential and vertical settlement 
estimates, particularly in the north-western suburbs of Christchurch where soils consist mostly of silts, clayey 
silts and silty clays. The CPT soil behaviour type often appears to over-estimate the fines content within a soil, 
while the liquefaction potential and vertical settlement are often calculated higher than those measured after 
the Canterbury earthquake sequence. 
To investigate these issues, laboratory work was carried out on three adjacent CPT/borehole pairs from the 
Groynes Park subdivision in northern Christchurch. Boreholes were logged according to NZGS standards, 
separated into stratigraphic layers, and laboratory tests were conducted on representative samples. 
Comparison of these results with the CPT soil behaviour types provided valuable information, where 62% of 
soils on average were specified by the CPT at the Groynes Park subdivision as finer than what was actually 
present, 20% of soils on average were specified as coarser than what was actually present, and only 18% of 
soils on average were correctly classified by the CPT. Hence the CPT soil behaviour type is not accurately 
describing the stratigraphic profile at the Groynes Park subdivision, and it is understood that this is also the 
case in much of northwest Christchurch where similar soils are found. 
The computer software CLiq, by GeoLogismiki, uses assessment parameter constants which are able to be 
adjusted with each CPT file, in an attempt to make each more accurate. These parameter changes can in some 
cases substantially alter the results for liquefaction analysis. The sensitivity of the overall assessment method, 
raising and lowering the water table, lowering the soil behaviour type index, Ic, liquefaction cutoff value, the 
layer detection option, and the weighting factor option, were analysed by comparison with a set of ‘base 
settings’. The investigation confirmed that liquefaction analysis results can be very sensitive to the parameters 
selected, and demonstrated the dependency of the soil behaviour type on the soil behaviour type index, as the 
tested assessment parameters made very little to no changes to the soil behaviour type plots. 
The soil behaviour type index, Ic, developed by Robertson and Wride (1998) has been used to define a soil’s 
behaviour type, which is defined according to a set of numerical boundaries. In addition to this, the 
liquefaction cutoff point is defined as Ic > 2.6, whereby it is assumed that any soils with an Ic value above this 
will not liquefy due to clay-like tendencies (Robertson and Wride, 1998). The method has been identified in 
this thesis as being potentially unsuitable for some areas of Christchurch as it was developed for mostly sandy 
soils. An alternative methodology involving adjustment of the Robertson and Wride (1998) soil behaviour type 
boundaries is proposed as follows: 
 Ic < 1.31 – Gravelly sand to dense sand 
 1.31 < Ic < 1.90 – Sands: clean sand to silty sand 
 1.90 < Ic < 2.50 – Sand mixtures: silty sand to sandy silt 
 2.50 < Ic < 3.20 – Silt mixtures: clayey silt to silty clay 
 3.20 < Ic < 3.60 – Clays: silty clay to clay 
 Ic > 3.60 – Organics soils: peats.  
When the soil behaviour type boundary changes were applied to 15 test sites throughout Christchurch, 67% 
showed an improved change of soil behaviour type, while the remaining 33% remained unchanged, because 
they consisted almost entirely of sand. Within these boundary changes, the liquefaction cutoff point was 
moved from Ic > 2.6 to Ic > 2.5 and altered the liquefaction potential and vertical settlement to more realistic 
ii 
 
values. This confirmed that the overall soil behaviour type boundary changes appear to solve both the soil 
behaviour type issues and reduce the overestimation of liquefaction potential and vertical settlement. 
This thesis acts as a starting point towards researching  the issues discussed. In particular, future work which 
would be useful includes investigation of the CLiq assessment parameter adjustments, and those which would 
be most suitable for use in clay-rich soils such as those in Christchurch. In particular consideration of how the 
water table can be better assessed when perched layers of water exist, with the limitation that only one 
elevation can be entered into CLiq. Additionally, a useful investigation would be a comparison of the known 
liquefaction and settlements from the Canterbury earthquake sequence with the liquefaction and settlement 
potentials calculated in CLiq for equivalent shaking conditions. This would enable the difference between the 
two to be accurately defined, and a suitable adjustment applied. Finally, inconsistencies between the Laser-
Sizer and Hydrometer should be investigated, as the Laser-Sizer under-estimated the fines content by up to 
one third of the Hydrometer values. 
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CHAPTER 1 
INTRODUCTION 
1.1  SCOPE OF THESIS 
As a consequence of the 2010-2011 Canterbury earthquake sequence, Christchurch (location shown in Figure 
1.1) has been subjected to widespread liquefaction, vertical settlement and lateral spreading, resulting in 
damage to both residential properties and infrastructure. The large amount of land damage throughout 
Christchurch has highlighted the need for a better understanding of the ground, and its susceptibility to 
liquefaction and settlement related damage in the future. 
Substantial geotechnical investigation is now being conducted throughout Christchurch, chiefly by the 
Earthquake Commission (EQC), private insurers, property owners and their consultants. Cone Penetration 
Testing (CPT) and borehole drilling with laboratory testing are the primary methods of investigation, and are 
the main focus of this thesis. 
Through the large amounts of geotechnical investigation, it has become clear that the CPTs are often over-
estimating the potential for liquefaction and vertical settlement, predominantly in the northwest suburbs in 
Christchurch. In addition to this the CPT does not appear to be making entirely accurate classifications 
regarding soil behaviour type. While this overestimation will not be putting the general public in any danger, it 
is potentially causing those using the information for foundation design and land remediation to invest much 
larger sums of money and time into projects than may be necessary. 
Currently the most common and accepted method of CPT liquefaction analysis is by Robertson and Wride 
(1998), and includes the use of a soil behaviour type index, Ic. The soil behaviour type index is used to define a 
soil’s behaviour type according to where on the Ic spectrum a soil falls, using the normalized CPT penetration 
resistance and the normalized friction ratio. Each soil behaviour type is defined according to a set of numerical 
boundaries. For example silt mixtures: clayey silt to silty clay, are bound between 2.60 and 2.95. The lower 
boundary also acts as a liquefaction cutoff point, where it is said by Robertson and Wride (1998) that anything 
that is classified with a higher number will not liquefy as it is too clay rich. However, the soil behaviour type 
system may not be suitable for parts of Christchurch, as the method was developed based on different soils. In 
fact Robertson and Wride (1998) state ‘This shows the integrated CPT method… as outlined here, does not 
apply to soils that would be classified as clayey silt, silty clay, or clay… when interpretation of the CPT indicates 
that these types of soils are present, samples should be obtained and evaluated using other criteria…’ (page 
456). 
The soil behaviour type index is therefore the principal focus of this thesis. The inaccuracy of the soil behaviour 
type classifications have been explored, and the accuracy of the different soil behaviour type boundaries. The 
suitability of the liquefaction cutoff point has also been investigated using the popular liquefaction analysis 
software, CLiq.  
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1.2  PROJECT BACKGROUND 
 
Figure 1.1: The location of Christchurch, New Zealand. Image sourced from Google Earth TM (2015). 
Christchurch experienced the first major earthquake in the 2010-2011 earthquake sequence on 04/09/2010. 
The magnitude 7.1 earthquake was located 40km west of the city centre, and caused widespread damage to 
buildings and infrastructure throughout Christchurch. On 22/02/2011 a significantly large aftershock occurred 
10km southeast of central Christchurch. Despite being magnitude 6.3, smaller than the initial earthquake, a 
number of factors led to a more severe shaking event. Higher levels of damage occurred, particularly in the 
central city and eastern suburbs, and 185 people lost their lives. There was a considerable amount of damage 
to Christchurch land and housing, which aside from the severe shaking, was predominantly a result of the 
geological processes of liquefaction, vertical settlement and lateral spreading. 
The Canterbury earthquake sequence has provided the geological and geotechnical industries with an 
experience from which to learn a great deal, to base new ideas and methods upon, and to assess many of the 
pre-existing ideas and methods. Certainly one of these pre-existing ideas or methods is the Cone Penetration 
Test (CPT) in regards to soil liquefaction and settlement assessment.  
Cone Penetration testing is used to measure subsurface stratigraphy and geotechnical properties of the soils. 
The test involves pushing an instrumented cone into the ground at a controlled rate. The sensors within the 
cone generate continuous data, including the cone resistance (qc), sleeve friction (fs) and pore pressure (u2). 
Over the past few decades, CPT testing has become increasingly popular, mainly due to its reliability, 
repeatability, time efficiency and low cost. Many top researching engineers and geologists have devoted their 
time to investigating methods which can determine soil behaviour type and liquefaction directly from the CPT 
data (Robertson, 1990; Jefferies and Davies, 1993; Robertson and Wride, 1998; Idriss and Boulanger, 2006; and 
so on). Currently in Christchurch, CPT testing is the main tool used for geotechnical investigation, and is often 
paired with a borehole, in order to confirm soil classification. Methods of liquefaction analysis throughout 
Christchurch strongly trend towards the use of the Soil Behaviour Type Index, Ic, and the liquefaction cutoff 
point where Ic > 2.6. 
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Many geotechnical companies practising in Christchurch (for example Bell Geoconsulting Ltd and GHD) have 
noticed inconsistencies with the CPT liquefaction test results when compared to what was experienced during 
the Christchurch earthquake sequence. In some cases, very little or no liquefaction was experienced at a 
particular site during any of the larger earthquakes in 2010/2011, however recent investigation with the CPT 
has produced results that estimate large degrees of liquefaction and settlement during a future earthquake of 
a similar magnitude. In addition to this, it is often the case when comparing the CPT soil behaviour type to 
logged boreholes, that they do not match as well as they could or should.  
These possible flaws within the systems that many of the geotechnical companies in Christchurch rely on, are 
potentially causing errors throughout the industry. While an over-conservative result of the liquefaction 
potential is highly unlikely to be dangerous, it may be costing those affected more time and money than is 
necessary. 
1.3  AIMS AND OBJECTIVES 
CPT liquefaction analysis has become the focus of many since about the 1980s, reaching new levels with the 
work of Robertson (1990) Jefferies and Davies (1993) and Robertson and Wride (1998), with the creation and 
development of the soil behaviour type index, Ic. The soil behaviour type index is usually successful in 
providing both a soil behaviour type, as well as a guide for if and how much a soil will liquefy. However in 
northwest Christchurch, geotechnical investigation is finding that the liquefaction potential defined by the use 
of this method is highly conservative when compared to observed liquefaction after the Canterbury 
earthquake sequence. Large amounts of liquefaction and settlement were estimated by the CPT, where small 
amounts were observed previously. In addition to this, the soil behaviour types defined by the CPT do not 
always appear to match soil classification found by other means (for example logging, laboratory testing). The 
reason for these issues is likely due to the fact that the data sourced by the authors mentioned above include 
mostly clean sands, soils which are very different from those in some areas of Christchurch, which 
predominantly include silts, clayey silts and silty clays. In fact Robertson and Wride (1998) express ‘Caution 
should be exercised when extrapolating the CPT correlation to conditions outside of the above range’ and also, 
‘This shows that the integrated CPT method… as outlined here, does not apply to soils that would be classified 
as clayey silt, silty clay, or clay… when interpretation of the CPT indicates that these types of soils are present, 
samples should be obtained and evaluated using other criteria…’ (pages 448 and 456 respectively). This fact 
seems to have been overlooked by many, and therefore the aims of this thesis will revolve around these two 
issues. The principal aims include: 
1. Compare classified soil profiles with the CPT soil behaviour types which have been identified 
using the Robertson and Wride (1998) soil behaviour type index classification system. 
2. Determine if the soil behaviour type index, Ic, requires adjustment both within the different soil 
type boundaries, as well as for the liquefaction cutoff point Ic > 2.6. 
3. Determine if any of the basic assessment parameters in the computer software CLiq (used for CPT 
liquefaction analysis), could be part of the cause for the issues with the soil behaviour type and 
liquefaction and settlement potential. The aim was not to define exactly what assessment 
parameters should be used in Christchurch, as this is beyond the scope of this thesis. 
4. Develop an adjusted methodology which will produce a higher quality of results in areas of 
Christchurch which experience issues with the soil behaviour type and the liquefaction and 
settlement potential. 
5. Determine whether this adjusted methodology is able to be applied successfully elsewhere in 
Christchurch (i.e. at sites away from the Groynes Park Subdivision). 
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1.4  GEOLOGICAL SETTING 
Canterbury geology has formed as a consequence of a diverse range of processes, including tectonic, fluvial, 
volcanic, glacial and marine. Christchurch is bound in the south by an extinct volcano complex, in the north by 
the Waimakariri River, and in the east by the Pacific Ocean.  Ranges and basins, east of and including the 
Southern Alps, have formed due to tectonic movements resulting from the Australian-Pacific plate boundary. 
Through time, erosional processes have caused rivers to cut into these ranges, flowing eastward from the 
Southern Alps. Significant amounts of sediment have been transported and deposited into large numbers of 
coalescing fans forming gravels proven to be over 500m thick (Brown and Weeber 1992). Much of the 
Canterbury Plains currently comprise of dormant braided river channels. 
Banks Peninsula, located along the southern edge of Christchurch, is comprised of volcanic rock which has 
been highly eroded since eruption in the Miocene age. The two main vents are thought to be located in 
Lyttelton and Akaroa, with several other minor volcanic vents found throughout Banks Peninsula. Lyttelton 
Harbour and Akaroa Harbour are both located in old river valleys which have been inundated with ocean water 
(Forsyth et al 2008). The tallest peak on Banks Peninsula is Mt Herbert, which reaches 919m above sea level, 
with several other peaks reaching over 800m. The Port Hills, which make up the southern suburbs of 
Christchurch, reach only 500m above sea level. Wind blown silty loess covers the slopes, and has been eroded 
and washed down into the valleys along with volcanic debris. The loess, which originated from the braided 
river beds crossing the Canterbury Plains during the previous glaciation period, have migrated to Banks 
Peninsula through aeolian processes (Forsyth et al 2008). 
During the last glacial maximum (approximately 18,000 years ago), large valley glaciers extended from the 
Southern Alps down to the upper Waimakariri basin. Since then Estuaries, lagoons and swamps have occupied 
the Christchurch area for some 10,000 years (Brown and Weeber 1992). Post-glacial sea-level rise caused a 
marine transgression westward over the Canterbury Plains, and once sea-level became established 
(approximately 6-6.5ka) progradation began. Once this process had been activated, a series of beach deposits, 
sand dunes, estuaries, inter-dunal swamps and lagoons began to form and accumulate.  
Christchurch lies within the floodplain of the meandering Waimakariri River, which formed a large, gently 
sloping alluvial fan. Flood channels of the Waimakariri River have been filled with river gravels and sand, while 
the adjacent areas at higher elevations are covered in overbank silts. Swamps, which developed in depressions 
where the water-table intersected the ground surface, often had relatively short lifetimes due to flooding of 
the Waimakariri River, causing infill of sediment.  
Figure 1.3 shows a cross section through the Christchurch subsurface, showing the stratigraphic units below. 
Starting from the bottom, the Wainoni Gravel which hosts an artesian aquifer, consists of gravels up to 100mm  
in diameter among some clay, sand and silt. The gravel thickness is between 10-15m and lies approximately 
140m below the surface. Sitting above the Wainoni Gravels is the Shirley Formation, which consists of clay, silt 
and sand, with interbedded shell, peat and wood layers. The maximum thickness of this formation is ~25m, 
and is located about 120m below the surface. The Burwood Gravel lies above, and also includes an artesian 
aquifer, with gravels up to 100mm in diameter amongst a matrix of clay, silt and sand. It is around 15m thick 
and lies about 110m below the ground. Resting above this is the Heathcote Formation, sloping downwards to 
the east, ranging from approximately 70-100m below the surface. The Heathcote Formation consists of clay, 
silt and sand interbedded with peat and shell beds, along with layers of gravel and clay. The Formation is ~20m 
thick. The Linwood Gravel lies above the Heathcote Formation, with 100mm diameter gravel hosting another 
artesian aquifer. The gravel is surrounded by sand and clay, is ~10m thick, and is 60-70m below the surface.  
Deposited next was the Bromley Formation which slopes downwards to the east, ranging from approximately 
30-60m below the surface, with a thickness varying up to 30m. The Formation is made of silt, peat, clay, shelly 
clay, sand and gravel, with the peat, wood and clay/silt deposits grading into silt, sand and gravel. 
5 
 
The Riccarton Gravels are the uppermost gravel formation beneath Christchurch, between 10-40m below the 
surface and up to 20m thick. The Riccarton Gravels contain almost purely well graded gravels up to 100mm in 
diameter, meaning a relatively consistent depositional history, and acts as one of Christchurch’s major aquifer 
systems with a confined artesian aquifer. The formation of the Riccarton Gravels has been attributed to the 
previous glaciation period.  Above the Riccarton Gravels coming in from the east, and pinching out beneath the 
western suburbs, is the Christchurch Formation, which is comprised of gravel, sand, silt, clay, shell and peat 
(Brown and Weeber, 1992). The Christchurch Formation is post-glacial, laid down as beach, dune, estuarine, 
lagoonal, and coastal swamp deposits. Its thickness varies from just a few meters (inland) to up to 40m in the 
east. Deposited above the Christchurch Formation is the Springston Formation, which is made up of well 
sorted gravel, sand and silt, with some clays and peats also present. The gravels were deposited in the 
meandering channels of the Waimakariri River during the postglacial period, while overbank deposits were 
formed by alluvial processes causing deposition on a flood plain. This mostly occurred on the outer banks of 
the main river channel. They are therefore fine grained, consisting of moist Quaternary sands, silts and clays.  
 
Figure 1.2: Generalised soil map of Christchurch. The digital soil map (Webb, 2010) is based predominantly on the mapping 
of Kear et al. (1967).  
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Figure 1.3: A cross section of the subsurface beneath Christchurch to the edge of the continental shelf (Brown and Weeber, 
1992). 
Groynes Park, located in northern Christchurch, has been selected as the location which will act as a source of 
data for this thesis. The site is located just south of the Waimakariri River, on a section of the extensive peat 
swamps that make up much of the Belfast and Papanui areas of northern Christchurch. Groynes Park is 
currently undergoing development for a subdivision which will hold approximately 400 residential houses, as 
well as a part of the new route for the northern motorway. A large amount of geotechnical investigation had 
been conducted on the site prior to this thesis, and this was available for review.  
 
1.5  CANTERBURY EARTHQUAKE SEQUENCE 
1.5.1  SEISMICITY, EPICENTRE AND MIGRATATION 
At 4:35am (local time) on 4
th
 September 2010, Christchurch experienced its first major earthquake in many 
years, a magnitude 7.1 on a reverse strike-slip fault named the Greendale fault, located 40km west of the city 
centre. The epicentre was 11km below the surface near Charring Cross, and 10km southeast from Darfield. 
Widespread damage was seen throughout the city, with disruption to water, power and sewerage, but 
fortunately there was no loss of life. Nearly 6 months later at 12:51pm (local time) on the 22
nd
 February 2011, 
a 14km reverse strike slip fault line ruptured, less than 10km southeast of central Christchurch along the 
southern edge of the city, just 5km below the surface. Despite being smaller in magnitude than the initial 
earthquake, at 6.3, the closer location, solid bedrock, and ground velocity, led to a more severe shaking event. 
In the city centre, ground accelerations were up to four times greater than those produced by the September 
2010 earthquake. Higher levels of damage occurred, particularly in the central city and eastern suburbs, and 
185 people lost their lives, with several thousand more people injured. There was a considerable amount of 
damage to Christchurch land and housing, which aside from the severe shaking, was mostly a result of the 
geological processes of liquefaction, vertical settlement and lateral spreading. Many properties and streets 
were filled with thick layers of liquefied silt and water, and foundations in houses often buckled or fractured.  
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Figure 1.4: A map of the Christchurch area, showing the distribution of earthquakes and aftershocks between 04/09/2010 
– 23/12/2011, along with the major fault traces. Sourced from Kaiser et al, 2012. 
In the weeks to months following the February earthquake, Christchurch had thousands of aftershocks. Figure 
1.4 shows the eastward progression of aftershock locations up until September 2012, with the green, red, blue 
and purple showing eastward progression with time. The locations of some of the key aftershocks worth 
noting are shown in Figure 1.5, and include; 
 1:01pm (local time) 13
th
 June 2011 a magnitude 5.9 located 10km southeast of Christchurch, at a 
depth of 9km. See Figure 1.5 (green dot) for the epicentre location. 
 2:20pm (local time) 13
th
 June 2011 a magnitude 6.3 located 10km southeast of Christchurch, 6km 
below the surface. See Figure 1.5 (green dot) for the epicentre location. There were 8 more 
earthquakes all greater than a magnitude 4 (the largest being a magnitude 5.2) in the 5 minutes 
following the 2:20pm earthquake. 
 1:58pm (local time) 23
rd
 December 2011 a magnitude 5.8 located east of Christchurch just offshore. 
See Figure 1.5 (red dot) for the epicentre location. 
 2:06pm (local time) 23
rd
 December 2011 a magnitude 5.5 located east of Christchurch just offshore. 
See Figure 1.5 (red dot) for the epicentre location. 
 3:18pm (local time) 23
rd
 December 2011 a magnitude 6.2 located east of Christchurch just offshore. 
See Figure 1.5 (red dot) for the epicentre location. 
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Figure 1.5: A map of Christchurch, showing the major earthquake and aftershock locations during the 2010-2011 
earthquake sequence. The Blue dot represents the September 4
th
 2010 earthquake, the yellow dot represents the February 
22
nd
 2011 earthquake, the green dots represent the two June 13
th
 2011 earthquakes, and the red dots represent the 
December 23
rd
 2011 earthquakes. Map image taken from Google Earth TM. (2015). 
 
1.5.2  LIQUEFACTION RESPONSE 
In the weeks following the February earthquake, approximately 70,000 people were believed to have left the 
city due to uninhabitable homes and a lack of basic services, as well as fear and stress caused by the continuing 
aftershocks. Electricity was restored to 75% of the city within the first three days, however in the worst areas 
water supplies and sewerage systems took years to be returned.  
For the purpose of remediation and future mitigation, the areas in Christchurch were split into different zones 
by the government and the Canterbury Earthquake Recovery Authority (CERA), based on the degree of 
damage after the recent earthquakes: green and red. Green meant there was moderate to no damage to land 
or property, and repairs could be made on an individual basis. Red referred to a very high degree of damage to 
land or property, and repair work was seen to be ‘impractical, uneconomic and too disruptive’ as whole 
suburbs would be required to have large scale civil engineering works conducted with possible full scale 
demolitions of the entire suburb (Ministry of Business Innovation and Employment, 2011). The green zone was 
then further split up into Technical Category 1 (TC1), Technical Category 2 (TC2) and Technical Category 3 
(TC3), based on the performance of land after the September 2010 earthquake, February 2011 earthquake and 
numerous aftershocks, as well as borehole and historic groundwater data. These technical categories were 
created for the purpose of providing a guide for foundation choice for home owners, insurance companies, 
EQC and their respective project management offices. The three foundation technical categories can be 
described as follows: 
TC1 land refers to land that on an area-wide basis, had no significant land deformation as a result of 
liquefaction from either the September or February earthquakes, and groundwater is found at generally more 
than 3m depth. The land is therefore unlikely to have any significant land damage in the future due to 
liquefaction, and should not exceed normally accepted tolerances. Table 1.1 shows the nominal SLS and ULS 
(described in chapter 2) land settlement values for TCs 1, 2 and 3. It can be seen there that the amount of land 
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settlement predicted for a 1 in 25 year return period shaking event (SLS) is between 0-15mm, while the 
amount of land settlement predicted for a 1 in 500 year return period shaking event (ULS) is between 0-25mm.  
TC2 land covers areas which had very little or no land damage due to liquefaction after the September 
earthquake, and had small amounts of land damage due to liquefaction after the February earthquake.  These 
areas may have minor to moderate damage in the future after significant earthquakes. In Table 1.1, it can be 
seen that for TC2 land, the amount of land settlement predicted for a 1 in 25 year return period shaking event 
(SLS) is between 0-50mm, while the amount of land settlement predicted for a 1 in 500 year return period 
shaking event (ULS) is between 0-100mm. 
TC3 land characterises areas that were subject to some land deformation from liquefaction after the 
September earthquake, and encountered moderate to severe land deformation due to the February 
earthquake. These areas are likely to have moderate to severe damage from liquefaction after any significant 
future earthquakes. In Table 1.1, it can be seen that for land categorized as TC3, the amount of land 
settlement predicted for a 1 in 25 year return period shaking event (SLS) is >50mm, and the amount of land 
settlement predicted for a 1 in 500 year return period shaking event (ULS) is >100mm. 
 
Table 1.1: Foundation technical categorization according to liquefaction and settlement. Table sourced from Ministry of 
Business Innovation and Employment (2011). 
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1.6  THESIS METHODOLOGY 
Based on the aims and objectives of this thesis, the research methods conducted were split into three main 
areas; soil classification; CLiq sensitivity analysis; and review of the soil behaviour type index, Ic. The process in 
which each category was investigated is described in more detail in the following section. 
In order to compare classified soil profiles with the CPT soil behaviour types, which were identified using the 
Robertson and Wride (1998) soil behaviour type index classification system, three sets of adjacent 
borehole/CPT pairings were tested in the laboratory. The boreholes were initially logged according to the NZGS 
classification system, and then separated into samples of different stratigraphy based both on the logging 
results and the CPT soil behaviour types. These samples were then tested in four different ways, in order to 
classify particle size confidently. The Hydrometer and Laser-Sizer were used in order to directly classify the size 
and amount of particles within each sample. Atterberg Liquid and Plastic Limits were tested for in order to 
produce a Plasticity Index, which provides information on the soils behaviour, with the purpose of creating a 
closer link to the CPT soil behaviour type. Finally the clay mineralogy was tested for using an X-Ray Diffraction 
test, so that clay sized particles identified using the Hydrometer and Laser-Sizer could be characterized as 
either clay minerals or simply clay sized particles. After analysis of the tests were complete, the results were 
logged stratigraphically with depth, in order to directly compare the results between the tests and the CPT soil 
behaviour types. 
To determine if the computer software CLiq (used for CPT liquefaction analysis) could be contributing to the 
inaccuracies found with the soil behaviour type, settlement and/or liquefaction potential, a sensitivity analysis 
was conducted with a small number of the basic parameters. These parameters were chosen due to specific 
reasons, and include: 
 Overall assessment method 
 Water table depth 
 Soil behaviour type index (Ic) liquefaction cutoff value 
 Layer detection 
 Weighting factor 
The aim was not to define exactly what assessment parameters should be used in Christchurch, as this is 
beyond the scope of this thesis, but to act as a starting point towards the need for further research in 
Christchurch and other areas. The parameters listed above were adjusted and compared to a group of ‘base 
settings’ with the results recorded. 
Investigation of whether the soil behaviour type index, Ic, required adjustment both within the different soil 
type boundaries, as well as for the liquefaction cutoff point Ic > 2.6, was  carried out using the borehole/CPT 
comparisons, and by changing the boundaries to see if more accurate soil behaviour type and liquefaction and 
settlement results could be gained. The Ic boundaries were adjusted to reflect the results of the comparisons, 
and then compared once again to both the original laboratory results, and the CPT soil behaviour types, before 
final adjustments were made. 
To test the adjusted boundaries further, 12 additional sites (with adjacent borehole and CPTs) were selected at 
random from the Canterbury Geotechnical Database, and the same boundary changes were made. The soil 
behaviour type results from these boundary changes were then compared with both the originally logged soils 
and the CPT soil behaviour types, in order to determine if there was an improvement. A revised methodology 
was put together with step by step instructions of how to repeat this adjusted methodology of liquefaction 
and settlement analysis in Christchurch, or other areas containing similar soils. 
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1.7  THESIS FORMAT 
The format of this thesis is as follows: 
Chapter 2: CPT Testing for Liquefaction Assessment, comprises of an overview of the Cone Penetration Test 
and liquefaction analysis methods. This includes how the CPT test works, what equipment it consists of, the 
procedures used for testing in the field, as well as how the raw CPT data is processed and interpreted, and 
what factors could have an effect on the interpretation. CLiq is introduced, and how changes to the 
assessment parameters can affect the overall results. 
Chapter 3: Laboratory Analysis, includes methods of how soils may be classified, and how they were classified 
in this thesis. An overview of the field work and laboratory work is covered, with detail on each of the four 
laboratory tests; Laser-Sizer, Atterberg Limits, Hydrometer and X-ray Diffraction. Soil classification charts for 
each of the borehole/CPT pairs are produced, and the results for each of the tests are discussed. Finally, a 
more detailed Groynes Park Model is depicted, by using the soil profiles developed by the laboratory testing. 
Chapter 4: CLiq Sensitivity Analysis, outlines the different assessment parameters which were used in the CLiq 
sensitivity analysis, along with an explanation as to why each one was selected. Following this is an example of 
how the adjusted settings were compared to the original settings, and the results of the sensitivity analysis are 
tabulated and summarized. 
Chapter 5: Soil Behaviour Type Analysis, opens with an explanation of how the CPT became a focus for 
analysing a soils behaviour type and the basic principles used to do so. The past methods for determining a 
soils behaviour type are discussed, and how these methods developed into those used in current practice. The 
soil behaviour type index, Ic, which is presently the most popular method, is described in detail with notes on 
how it was developed and the principles behind its use. The unsuitability of the soil behaviour type index with 
northwest Christchurch soils is discussed, before introducing the adjusted methodology for analysing 
Christchurch soils proposed by this thesis. The new methodology – adjusting the soil behaviour type 
boundaries and reducing the liquefaction cutoff value of Ic >2.6, was tested on 15 sites (each consisting of an 
adjacent CPT/borehole pair) with successful results. The proposed methodology is described in detail with 
step-by-step instructions on how to perform the process correctly, followed by an example of the procedure 
conducted on one of the 15 previously tested sites. 
Chapter 6: Summary and Conclusions, summarizes the project in regards to objectives, principle conclusions, 
and revised methodology, as well as the limitations of the thesis investigation and analysis phases. Finally, the 
need for future work is highlighted as a necessary procedure in several areas explored in this thesis. 
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CHAPTER 2 
CPT TESTING FOR LIQUEFACTION 
ASSESSMENT 
2.1 INTRODUCTION 
CPT testing is currently the most commonly used method of in-situ testing for liquefaction analysis in 
Christchurch, and subsequently it has been used extensively since the 2010/2011 earthquake sequence. 
Chapter 2 introduces liquefaction assessment with cone penetration testing in order to create a better 
understanding of the process, and how the results are interpreted using CLiq. The development of different 
liquefaction analysis procedures is summarized, before discussion on the CPT. The equipment included in a 
CPT is outlined, as well as the procedures required to carry out the test and how the results are interpreted, 
including both results which are directly measured, and those which have to be derived. Correlation with the 
Standard Penetration Test (SPT) was important to highlight, as the transition from using the SPT to the CPT was 
relatively recent. CLiq analysis, which is widely used for CPT liquefaction assessment in Christchurch, is 
introduced last. The plots are outlined briefly, and the assessment parameters are described, with discussion 
on how changing them may be affecting the overall results. 
 
2.2  LIQUEFACTION ASSESSMENT 
Liquefaction in soils, which causes a sudden reduction in strength and stiffness, will often occur due to a rapid 
loading event or applied stress, such as an earthquake. A state of liquefaction occurs when there is a complete 
loss of shear strength, or the effective stress of a soil has reached essentially zero. The effect liquefaction has 
on buildings and infrastructure can be severe. Foundations that bear directly onto a liquefied soil will 
experience an abrupt loss of support, possibly causing irregular settlement which could lead to structural 
damage. 
Liquefaction of sandy and silty soils is a major concern to structures not only in Christchurch, but around the 
world. Liquefaction was one of the main causes of damage to land, housing and infrastructure after the 
Christchurch earthquake sequence, and therefore has become a priority in current and future geotechnical 
analysis. Over the past few decades a large amount of research has been conducted regarding liquefaction 
analysis, and with the development of the CPT test, this has become more accurate and reliable. A number of 
authors are presented below with different methods developed for liquefaction analysis. 
The Liquefaction Potential Index (LPI), which was developed by Iwasaki (1978, 1982), was one of the first 
successful methods to be introduced using the CPT to assess a soils ability to resist liquefaction during an 
earthquake, and an estimate of its severity. According to Iwasaki, the extent of liquefaction is a function of 
three factors: 
1. The thickness of the soil layer undergoing liquefaction, 
2. The depth of the soil layer relative to the ground surface (z), 
3. The factor of safety in each soil layer (FS), which represents the ratio of the earthquake strength and the 
resistance of the soil layer. 
Layers deeper than 20m are excluded. With these three factors, the LPI can be defined as; 
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LPI = 0ᶴ
20 F W(z) dz     (1) 
where; 
W is the depth weighting factor, W(z) = 10-0.5z 
z is depth below the surface 
F = 1 – FS if FS ≤ 1, or 
F = 0 if FS > 1 
Typically, if the LPI is greater than 5 liquefaction is likely to occur, between 5 – 15 it is likely to be moderate, 
and anything greater than 15 will be severe (Ozocak and Sert 2010).  
The Chinese Criteria developed by Wang (1979), has been a widely used method for evaluating the 
liquefaction potential of silts and clays since the early 1980s (Boulanger and Idriss 2006). Wang developed this 
method by observing liquefaction at a number of sites in China containing fine grained soils. The Chinese 
Criteria are based on the idea that if clayey soils are present at a site, no liquefaction will occur. In 1982, Seed 
and Idriss updated the Chinese Criteria, stating that clayey soils could liquefy if three criteria were met: 
1. The percentage of particles less than 0.005mm must be <15% 
2. The Liquid Limit (LL) must be <35 
3. The Water Content (Wc) to Liquid Limit ratio (Wc/LL) must be >0.9 
Much work has been done more recently on these criteria, and the validity of the criteria questioned. For 
example Bray and Sancio (2006) found a number of examples where significant liquefaction occurred in clayey 
soils. They conducted a test where only 34% of the samples that underwent liquefaction met all three 
conditions of the Chinese Criteria, and suggested that it is not the amount of clay sized particles that 
determines liquefaction susceptibility, but rather the amount and type of clay minerals. Bray and Sancio (2006) 
proposed new guidelines: A soil may be susceptible to liquefaction if the Wc/LL ratio > 0.85 and the Plasticity 
Index (PI) <12, and soils with a Wc/LL ratio > 0.8 and a PI <18 may be moderately susceptible. Boulanger and 
Idriss (2006) are in agreement with Bray and Sancio (2006) about the reliability of the Chinese Criteria, and 
state ‘The use of the Chinese Criteria should be discontinued’. 
The Cyclic Stress Ratio (CSR) and the Cyclic Resistance Ratio (CRR) were originally developed by Seed and Idriss 
(1971), and are used to calculate a soil’s resistance to liquefaction during earthquake loading. The CSR can be 
defined as the seismic demand placed on a soil layer by a given earthquake, and the CRR can be defined as the 
capacity of the soil to resist liquefaction. The factor of safety therefore, is equal to the CRR/CSR ratio. The CRR 
can be tested either using laboratory testing, preferably in quality, undisturbed samples. However as this can 
sometimes be difficult and expensive to obtain, it has become very popular to use the SPT, or more recently 
the CPT. For estimation of the CSR using the SPT, Seed and Idriss (1971) produced a simplified method based 
on the maximum ground acceleration (amax) at a particular site, which can be defined as: 
𝐶𝑆𝑅 =
𝜏𝑎𝑣
𝜎′𝑣𝑜
= 0.65 (
𝑎𝑚𝑎𝑥
𝑔
) (
𝜎𝑣𝑜
𝜎′𝑣𝑜
) 𝑟𝑑     (2) 
where:  
𝜏𝑎𝑣  is the average cyclic shear stress, 
amax is the maximum horizontal acceleration at ground surface, 
g = 9.81m/s
2
 is the acceleration due to gravity, 
𝜎𝑣𝑜 and 𝜎′𝑣𝑜 are the total and effective vertical overburden stresses, respectively, and 
rd is a stress reduction factor, dependent on depth. 
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   Figure 2.1: A comparison between 3 methods of      Figure 2.2: The modified chart by Robertson and Wride 
estimating the CRR from corrected cone resistance       (1998), originally by Robertson and Campanella (1985). 
               (Robertson and Wride, 1998). 
When using the CPT test, the CRR is usually estimated from the corrected cone penetration resistance. 
Robertson and Wride (1998) produced a chart which shows a comparison between three methods of 
estimating CRR from the corrected CPT cone penetration resistance. This chart is shown in Figure 2.1, and 
Figure 2.2 shows a modified version of the Robertson and Campanella (1985) chart proposed by Robertson and 
Wride (1998). Robertson and Wride (1998) then go on to suggest a simplified equation which estimates the 
CRR using the clean sand normalized penetration resistance (qc1n)cs, which is estimated by a combination of 
grain characteristic factors including the soil behaviour type index. This is discussed in the following sections. 
Robertson and Wrides simplified equation is given by: 
If 50 ≤ (𝑞𝑐1𝑛)𝑐𝑠 < 160, 𝐶𝑅𝑅 = 93 [
(𝑞𝑐1𝑛)𝑐𝑠
1000
]
3
+ 0.08  or (3) 
If (𝑞𝑐1𝑛)𝑐𝑠 < 50,  𝐶𝑅𝑅 = 0.833 [
(𝑞𝑐1𝑛)𝑐𝑠
1000
]
3
+ 0.05  (4) 
where: 
(𝑞𝑐1𝑛)𝑐𝑠 is a function of both the measured penetration resistance (qc1n) and the grain characteristics of the 
soil. 
 
2.3  EQUIPMENT AND PROCEDURES 
Cone Penetration Testing, used to infer subsurface stratigraphy, estimates geotechnical properties of soils for 
geotechnical design, and has become increasingly popular over the past few decades. The test, developed 
around 1932 in the Dutch Laboratory for soil mechanics, involves pushing an instrumented cone at the end of 
a series of rods into the ground at a controlled rate. The sensors within the cone generate continuous 
measurements of the cone and sleeve resistance to penetration. A basic diagram of the cone penetrometer is 
given in Figure 2.3, which includes some of this basic terminology. 
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Measurements made by the CPT produce four principle components; cone resistance (qc), sleeve friction (fs), 
pore pressure (u2), and the friction ratio (Rf). Cone resistance is calculated using the total force acting on the 
cone (Qc), divided by the projected area of the cone (Ac). The sleeve friction is produced by the total force 
acting on the friction sleeve (Fs), divided by the surface area of the friction sleeve (As). The pore pressure (u2) is 
optional, and measured behind the cone, and the friction ratio, expressed as a percentage, is the ratio of the 
sleeve friction to the cone resistance. 
 
Figure 2.3: Basic diagram of the cone penetrometer, showing the three possible locations for pore water pressure 
measurements (Lunne et al, 1997). 
The equipment consists of a 60
o
 cone, with a 10-15cm
2
 base area and a 150cm
2
 friction sleeve located above 
the cone. As mentioned above, u2 is taken from behind the cone, however two other locations for pore water 
pressure are possible, on the cone (u1) or behind the friction sleeve (u3). In Figure 2.3, two positions where the 
u2 filter is often placed are shown, 1) forming part of the cone, in the extension above the base, 2) in the space 
between the cone and the sleeve. The electrical strain gauge load cells seen in Figure 2.4 measures the cone 
resistance and the sleeve friction, and in Figure 2.4 (c), the soil and water seal is depicted, which prevents soil 
and water getting into the body of the device while testing.  
The International Society of Soil Mechanics and Foundation Engineering (ISSMFE, 1989) recommended that 
whenever possible the International Reference Test Procedure be followed when conducting CPT testing. 
Additionally, in order to obtain reliable results, a well-qualified operator should be employed, technical back-
up facilities for calibration should be well established, and maintenance of the equipment is required. For 
testing in hard soils, pre-drilling can be a requirement, in order to avoid over-loading or damage to the 
equipment. Soils with coarser material including stones, should always be pre-bored, and in some 
circumstances a casing may be necessary. Inclination sensors are useful to avoid deviation, which should not 
exceed 2
o
 (Lunne et al, 1997). According to Lunne et al (1997), once a penetrometer is deflected it will 
continue along a path with a very consistent radius of curvature. Standard rods usually accept approximately 
1
o
 of deflection without incurring any damage or bending.  
According to the ISSMFE International Reference Test Procedure, the rate at which penetration occurs should 
be 20mm/s ±5mm/s. If there is any excess pore pressure, it may begin to dissipate if there is a pause in the 
penetration, therefore CPT testing must remain as continuous as possible, particularly in fine grained soils. 
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Throughout testing the cone penetrometers will produce continuous analogue data, which is then transferred 
into digital form at selected intervals no more than 200mm apart. 
 
Figure 2.4: A more descriptive diagram of the cone penetrometer (Lunne et al, 1997). 
The rigs used for pushing the penetrometer will predominantly consist of hydraulic jacking and reaction 
systems built specially for this purpose, however in some cases an anchored drill rig is used for push down 
(Lunne, et al 1997). The thrust capacity required for CPT testing is often between 10 – 20 tonnes, however 2 – 
5 tonnes are sometimes adequate for softer soils. Often a clamping system that works by friction on the outer 
rod will transfer the load of the hydraulic ram. 
 
2.4  INTERPRETATION OF CPT DATA 
Information from a CPT test falls into three main categories: 1) parameters directly measured during the test, 
2) parameters which have been derived or corrected from the original parameters, and 3) additional 
information. Directly measured parameters, including the cone resistance, sleeve friction and pore pressure, 
can be tabulated and plotted adjacent to one another alongside the corresponding depth. The derived 
parameters including the friction ratio, cone resistance corrected for pore pressure, and sleeve friction 
corrected for pore pressure, can also be recorded in the same table (Lunne et al, 1997). When plotting these 
parameters, depth below the surface should move downwards along the y-axis, while the parameters count 
should increase along the x-axis, moving from left to right. Additional information which should be recorded at 
the time of the test, can include; site address (or name), date of test, test number, serial number of the CPT, 
ground water level, name of the operator performing the test, name of the company the CPT and operator 
belong to, and the depth of pre-drilling. 
A number of factors may affect the interpretation of CPT data, and therefore it is important that these factors 
are recognized and corrected if possible. According to Lunne et al (1997) there are three major areas of cone 
design which could potentially influence interpretation, and these are; unequal area effects, piezometer 
location, size and saturation, and the accuracy of measurements. Cone penetrometers should be calibrated 
and test results corrected. 
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 In-situ effective stress can have a major effect on both the cone resistance and the friction sleeve stress, 
making the geological history at each site important. For example if there is an excavation adjacent to the soils 
being tested, there will be a reduction in horizontal stress. 
The cone resistance and sleeve friction can also be influenced by the compressibility and cementation of soil 
deposits. For example, a highly compressible soil will often have a low cone resistance. Alternatively well 
cemented particles will often produce a higher cone resistance as it reduces the compressibility of the soil.  
Layer transition between alternating soft and hard materials will in most cases not be read as a single sharp 
transition. Robertson and Wride (1998) discuss how the penetrating cone will begin sensing changes in soil 
type prior to reaching the new soil, and will continue to sense the original soil after entering the new soil. 
Hence it is common for the CPT to measure incorrectly when in thinly interbedded soils, transitions between 
layers are often gradual, and can sometimes be interpreted as a stratigraphic layer of their own. A correction 
factor for the cone resistance as a function of layer thickness was developed by Lunne et al (1986), and is 
defined as: 
Kc =  0.5   H   - 1.45   
2
 +1.0      (5) 
             1000 
where:  
H = layer thickness (mm) 
Studies by Lunne et al (1986) and Gillespie (1990) have shown that despite careful procedures and corrections, 
the measurement of sleeve friction is often not entirely accurate. This is due to cones of different designs 
producing different sleeve measurements, which have small variations in the mechanical and electrical design 
features, as well as some small variations in tolerances. 
Comprehensive work on CPT soil classification throughout the past few decades has confirmed that finer soils 
(soft clays) will produce a low cone resistance and a high friction ratio, while coarser soils (sands) often 
produce a high cone resistance and a low friction ratio. However it is always important to note that these 
inferences towards soil classification do not give a soil type, but rather a soil behaviour type. CPT testing in fine 
grained soils will generally be undrained, while testing in coarse grained soils is generally drained. In undrained 
conditions, pore pressures are generated, the measurement of which is highly useful to both the cone 
resistance and the sleeve friction. In drained conditions no pore pressures are generated, and subsequently 
the in-situ static pore pressure will be measured. 
 
2.5  CORRELATION WITH THE SPT 
Making a correlation with the Standard Penetration Test has been an important focus for many, as it was the 
most popular in-situ test prior to the establishment of the CPT. The transition from SPT to CPT was mainly due 
to errors in repeatability and reliability, and of the SPT’s higher cost and slower speed. The SPT produces an N-
value, which is the number of blows required to penetrate 300mm into the ground, after an initial 150mm. The 
N-value provides the standard penetration resistance, and an indication of the ground density. One of the 
main concerns with the repeatability of the SPT, is the energy delivered to the rod. In order to overcome this 
issue, a rod energy ratio was formulated, and 60% was generally accepted as a historical average, and 
therefore a reference value (N60) was created. In order to relate the SPT N-value to the CPT cone resistance, 
Robertson et al (1983) presented a relationship with (qc/pa)/N60 where Pa is the atmospheric pressure (a 
reference stress of 100 KPa), and qc is dimensionless. Figure 2.5 displays this relationship with D50, which is a 
mean grainsize varying between 0.001mm to 1mm. Robertson et al (1986) suggested (qc/pa)/N60 ratios for 
each of the CPT soil classification zones in Figure 5.4 (chapter 5.3), which are shown in Table 2.1. This method 
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however is somewhat discontinuous due to the cross over of the different CPT soil behaviour type zones 
(Lunne et al, 1986).  
 
Figure 2.5: Relationship between the SPT N-value, and the CPT cone resistance (Robertson, 1986). 
This focus on correlating the SPT N-value with the CPT was a starting point to forming accurate methods in 
finding the soil behaviour types of soils using the CPT. In 1993, Jefferies and Davies combined a soil 
classification chart of their own with the CPT-SPT correlation in Figure 2.5, in order to develop a continuous 
variation of the (qc/pa)/N60 ratio with soil type. The boundaries between different soil behaviour type zones 
were approximated as concentric circles, the radius of each defined as a Soil Behaviour Type Index, Ic. Proper 
discussion on the soil behaviour type index is included in section 5.4. 
Table 2.1: (qc/pa)/N60 ratios for each of the soil behaviour type zones in Figure 5.4 (chapter 5.3). After Robertson et al 
(1986). 
 
Zone Soil Behaviour Type (qc/pa)/N60 
1 Sensitive fine grained 2 
2 Organic Material 1 
3 Clay 1 
4 Silty clay to clay 1.5 
5 Clayey silt to silty clay 2 
6 Sandy silt to clayey silt 2.5 
7 Silty sand to sandy silt 3 
8 Sand to silty sand 4 
9 Sand 5 
10 Gravelly sand to sand 6 
11 Very stiff fine grained 1 
12 Sand to clayey sand 2 
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2.6  CLIQ ANALYSIS 
CLiq is a geotechnical computer software by Geologismiki, collaborated with Gregg Drilling Inc. and Professor 
Peter Robertson, which was designed for soil liquefaction assessment based on Cone Penetration Testing. CLiq 
was decided upon as a useful software to use for this thesis, as many practising geotechnical companies in 
Christchurch currently use it. 
CLiq is specifically designed for liquefaction analysis using CPT data, providing plots and results for basic CPT 
interpretation; for example the cone resistance and friction ratio, as well as for liquefaction analysis; for 
example the factor of safety, soil behaviour type, liquefaction potential, vertical settlement and lateral 
displacement. 
The data and plots are organised into three main sections; interpretation results, liquefaction assessment 
results, and 2D results. The Interpretation results show measured CPT input data and basic interpretation 
results as a function of depth. This section is split into two; basic plots, which displays plots of the corrected 
cone resistance, friction ratio, penetration pore pressure, normalized SBTn Ic and non-normalized SBT; and 
normalized plots which displays plots of normalized CPT parameters, normalized tip resistance, normalized 
friction ratio, normalized pore pressure, normalized SBTn Ic and normalized SBTn. Liquefaction assessment 
results shows input data and calculation results as a function of depth. This section is split into; intermediate 
results which display plots regarding the steps needed for calculating CRR7.50; cyclic liquefaction plots which 
present a summary of the calculation procedure by displaying the CSR/CRR, factor of safety, liquefaction 
potential index and vertical and lateral displacements; analysis summary and check for strength loss presents 
an overall summary of the liquefaction assessment, including the normalized SBTn, normalized cone resistance 
and the liquefied strength ratio. 2D results creates two dimensional plots for the liquefaction potential index 
and vertical settlement data. 
 
2.7  CLIQ VARIABLES AND ASSESSMENT PARAMETERS 
CLiq uses empirical correlations to estimate geotechnical parameters for basic individual data interpretation. 
Assessment parameter constants are able to be adjusted with each CPT file, in attempt to make each more 
accurate according to specific circumstance. These changes can have minor to extreme effects on the results 
for liquefaction analysis, and subsequently must be treated with caution. 
Christchurch has adopted a Limit State Design (LSD) method for structural engineering and housing design, 
which is an extension of the Load and Resistance Factor Design method. The LSD requires a structure to satisfy 
two design criteria, the Serviceability Limit State (SLS) and the Ultimate Limit State (ULS). SLS is intended to 
ensure that a building will remain operational after a future earthquake without the need for repair, while ULS 
is to prevent building collapse when subjected to the highest allowed for shaking event for Christchurch. 
Ground accelerations which can be input into CLiq for deep soft soil sites are; 0.13g for SLS conditions and 
0.35g for ULS conditions. 
For example, Figure 2.6 shows the different outcomes when changing the overall assessment method within 
identical data, in regards to the liquefaction potential index, vertical settlements and lateral displacements. 
There are five different overall assessment methods to choose from. These include; NCEER 2001; Robertson 
2009; Moss et al 2006; Boulanger and Idriss 2004; and Idriss and Boulanger 2008. The latter method has been 
identified by the Ministry of Business, Innovation and Employment (MBIE) as the method which is the most 
appropriate for use in Christchurch liquefaction analysis. Figure 2.6 (a), shows the liquefaction potential index 
ranges from a low risk, just above 1, all the way up to a high risk, of approximately 11. Figure 2.6 (b), shows the 
vertical settlements, with the lowest assessment parameter indicating approximately 7.5cm of settlement, and 
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the highest indicating almost 12cm of settlement. This is nearly the difference between a Technical Category 1 
and a Technical Category 2 piece of land. Figure 2.6 (c) depicts significant differences in lateral displacement, 
Moss et al (2006) suggests 140cm, and Idriss and Boulanger (2008) suggests 360cm, a difference greater than 
200cm.  
The overall assessment method calculating the highest or lowest results seem to vary somewhat, making it 
difficult to determine which method is most suitable for each project. The different assessment methods are 
ranked in order of highest to lowest for their calculations of the liquefaction potential index, vertical 
settlements and lateral displacements, for each of the CPTs at Groynes Park. These rankings can be seen in 
Table 2.2 (a), (b) and (c) below. Overall, Robertson 2009 appears to be the method which will calculate the 
highest results, with Idriss and Boulanger 2008 not far behind. NCEER 2001 appears to be the method which 
will calculate the lowest results 
       
 
 
 
 
Figure 2.6: The differences in results for the 
LPI (a), vertical settlement (b) and horizontal 
displacement (c), when changing the five 
overall assessment methods. 
a) b) 
c) 
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Order LPI Vertical Settlements Horizontal Displacements 
Highest Robertson 2009 Idriss & Boulanger 2008 Idriss & Boulanger 2008 
  Idriss & Boulanger 2008 Moss et al 2006 Robertson 2009 
  NCEER 2001 Robertson 2009 Boulanger and Idriss 2014 
  Boulanger & Idriss 2014 Boulanger & Idriss 2014 NCEER 2001 
Lowest Moss et al 2006 NCEER 2001 Moss et al 2006 
 
Order LPI Vertical Settlements Horizontal Displacements 
Highest Robertson 2009 Moss et al 2006 Idriss & Boulanger 2008 
  Idriss & Boulanger 2008 Robertson 2009 Robertson 2009 
  Moss et al 2006 Idriss & Boulanger 2008 Boulanger and Idriss 2014 
  Boulanger & Idriss 2014 Boulanger & Idriss 2014 Moss et al 2006 
Lowest NCEER 2001 NCEER 2001 NCEER 2001 
 
Order LPI Vertical Settlements Horizontal Displacements 
Highest Robertson 2009 Robertson 2009 Robertson 2009 
  Moss et al 2006 Idriss & Boulanger 2008 Idriss & Boulanger 2008 
  Idriss & Boulanger 2008 Moss et al 2006 Boulanger and Idriss 2014 
  NCEER 2001 Boulanger & Idriss 2014 Moss et al 2006 
Lowest Boulanger & Idriss 2014 NCEER 2001 NCEER 2001 
Table 2.2: Overall assessment method rankings for LPI, vertical settlement and horizontal displacement results. a) 
represents CPT 1, b) represents CPT 2, and c) represents CPT 5. 
Other assessment parameters that may be changed or adjusted, are listed below: 
 Maximum acceleration: the value of peak ground acceleration which will be used for the CRR. 
 Earthquake Magnitude. 
 Ground water table: two water table depths can be entered, the in-situ water table (bgl) and the 
depth during an earthquake (bgl). 
 Display points that do not meet the criteria: CLiq can exclude points from the calculation, for example 
transitional layers or measurements that are above the ground water level  that are excluded from 
the liquefaction procedure. 
 Non-hydrostatic piezometer profile: can be defined for either the in-situ or earthquake conditions. 
 Average interval: Options are 1, 3 or 5, which represent the depth increments used to produce an 
average of the results. 
 Cone area ratio. 
 Ic cutoff value: Described in more detail in Chapter 5, the Ic liquefaction cutoff value determines that 
soils with a behaviour type index greater than the value specified will likely be unable to liquefy due 
to clay-like behaviour. 
 Limit analysis depth: the depth at which liquefaction analysis is assumed to cease, due to the 
unlikeliness of liquefaction occurrence beyond it. This is usually 10m in Christchurch. 
 Default gamma value: the values of soil unit weight which will be used for the determination of 
stresses. 
 Auto unit weight calculation: can be checked or un-checked, and is based on the values entered into 
the default gamma value table. 
 Apply Kơ correction: a correction for overburden stress, which can be checked or un-checked. 
a) 
b) 
c) 
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 Auto transition layer detection: if checked, CLiq will attempt to locate and exclude points which may 
be the transition between two layers. 
 Remove loose sand criteria: when calculating Kc, CLiq will not apply Kc = 1, when 1.64 < Ic < 2.36 and F 
< 0.5%. 
 Calculate dry sand settlements: compaction of sand above the water table during earthquakes will be 
estimated when checked. 
 Cn limit value: a limit on the stress normalization factor can be applied to points in the free ground 
surface. 
 Use custom CSR data: custom CSR data can be imported into the software. 
 User FS: a custom safety factor can be applied for the liquefaction factor of safety calculation 
 Weighting factor for ev: weights the volumetric strain linearly with depth. 
 Aging factor for CRR: if checked, will make a correction based on the theory that the CRR will increase 
with a soils age. 
 NKT (undrained shear strength factor): estimates the peak undrained shear strength for clay like soils. 
 PL based volumetric strain: the volumetric strain calculated for each point is reduced by the 
probability for liquefaction. 
 Ka static shear stress correction factor: a reduction factor to the CRR7.5. 
 Stress exponent calculation: methods to normalize the cone resistance as a function of vertical 
effective stress using a stress exponent. 
 MSF (magnitude scaling factor). 
 Delta Ic: used to pre-match environment conditions if horizontal stresses have been modified due to 
vibro-compaction. 
 Same as initial site conditions: checked or un-checked. 
 Site has fill: to be checked if the site conditions were changed due to adding fill, the dimensions of the 
fill may be added. 
 Site is excavated: this is to be checked if the site will be excavated prior to a future earthquake 
 Site has level ground: checked or unchecked. 
 Gently sloping ground: a slope value can be entered and will be used for lateral displacement 
calculations. 
 Level ground with free face: the geometry of the profile can be entered and will be used for lateral 
displacement calculations. 
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CHAPTER 3 
LABORATORY ANALYSIS 
3.1  INTRODUCTION 
Investigation of soil classification for this thesis involved a number of different phases for the purpose of 
establishing a small database that could be relied upon to have been determined correctly. Formulation of this 
database included three separate soil profiles taken from boreholes in different locations at the Groynes Park 
Subdivision, each of which had adjacent CPTs to use as comparisons. These soil profiles were tested in the 
laboratory (Laser-Sizer, Atterberg Limits, Hydrometer and X-Ray Diffraction), analysed on CLiq, and graphed. 
The results are tabulated and discussed, and the Groynes Park geology is modelled. Once this database was 
established, it could be used for detailed analysis, all of which is discussed in the following chapters. 
 
3.2  SOIL CLASSIFICATION 
Classification of soils can involve both in-situ testing and laboratory testing. In-situ CPT testing for soil type is 
covered with more depth in chapter 5. Soils are classified based on their engineering properties, as well as 
their physical size and mineral composition. Perhaps one of the most common classification systems is the 
Unified Soil Classification System (USCS), which is used to describe the texture and grainsize of a soil. This 
system was originally developed by Professor A. Casagrande (1948). The USCS is designed so that coarse 
grained soils are classified by their grainsize, while fine grained soils may be classified primarily by their 
engineering behaviour, in regards to their plasticity. The USCS chart is shown in Figure 3.1. 
 
Figure 3.1: The Unified Soil Classification System chart, sourced by ASTM (2011). 
An alternative method used in New Zealand Geotechnical Practice, is the New Zealand Geotechnical Society 
Inc. (2005) method of soil classification (NZGS). The NZGS (2005) suggests soil groups fall into the sections 
specified in Table 3.1, with Figure 3.2 depicting the criteria for each grainsize. The NZGS based the general 
principles for their soil classification system around the USCS, however discourage the use of the lettering 
system, as they believe it tends to force narrow, artificial limits to the classification process (NZGS 2005). A 
24 
 
summary of the process of soil classification is included in Figure 3.3, and the way in which the particle can be 
described is shown in Table 3.2.  
Coarse Soils (granular soils or non-
cohesive soils) 
Fine Soils (cohesive soils) Other Soil 
Gravel Sand Silt Clay Organic Soils 
Table 3.1: The NZGS (2005) suggested soil groups. 
 
Figure 3.2: Grainsize criteria specified by NZGS (2005). 
 
Figure 3.3: A summary of the process of Soil classification, as defined by NZGS (2005) 
Fraction Term % of Soil Mass Example 
Major (….) [UPPERCASE] ≥ 50 GRAVEL 
Subordinate (….)y [lowercase] 20 – 50 Sandy 
Minor With some … 
with minor … 
12 – 20 
5 – 12 
With some sand 
with minor sand 
With trace of (or slightly) … < 5 With trace of sand (slightly 
sandy) 
Table 3.2: Soil description, according to NZGS (2005) 
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Finally, the order in which the soils are to be described, are done so as to place the most important items first, 
and the least important last. Table 3.3 shows this order, as well as an example, which would be written: Clayey 
SILT, trace of peat; light grey, mottled black. Firm, moist, low plasticity, moderately sensitive, HINUERA 
FORMATION (NZGS 2005). 
The NZGS approach was taken during the soil classification process in this thesis, as well as a number of 
laboratory tests, in order to better classify and verify the field description. 
Main Paragraph Example Item 
Subordinate fraction clayey Soil name 
Major Fraction SILT 
Minor Fraction Trace peat 
Colour Light grey, mottled black Visual Characteristics 
Structure  
Qualifying Paragraph   
Strength Firm Soil Mass qualifications 
Moisture Condition Moist 
Grading  
Bedding  
Plasticity Low plasticity 
Sensitivity Moderately sensitive 
Additional Information HINUERA FORMATION Additional Information 
Table 3.3: An example of the way a particle should be described (NZGS, 2005). 
 
3.3  FIELD WORK AND SITE GEOLOGY 
    
Figure 3.4: The location of the Groynes park subdivision. a) shows the location within Christchurch (yellow star), and b) 
outlines the boundaries of the subdivision (red). Both map images taken from Google TM (2015). 
The field work for this investigation involved spending a day (24/03/14) at the Groynes Park subdivision. The 
engineering geology site model developed by Bell Geoconsulting Ltd (2014) is summarized below, working 
from the ground surface downwards; 
 Overbank Sediments 0.0m – 2.0-2.6m below ground level (bgl): Soils consist of sands, sandy silts and 
clayey silts, regarded as overbank ‘flood’ deposits which were derived periodically from the 
Waimakariri River over the past few hundred years. 
 Peat Swamp Deposits 2.0-2.6m – 7.5-8.0m bgl: The first of two peat swamp deposits which contain 
clayey silt, clay and organic-rich clays with up to five thin peat horizons, the thickest being 0.65m. This 
layer represents deposition in swamps located on the margins of rivers over the past few thousand 
years. 
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 Alluvial Sand and Silt 7.5-8.0m – 8.5-9.0m bgl: This unit consists of silty fine sand and fine-medium 
sand deposited by an influx of alluvial sediment into a pre-existing swamp, possibly during a flood 
avulsion event. 
 Peat Swamp Deposits 8.5-9.0m – 11.0m bgl: Further clayey silts, organic rich clays and peat similar in 
nature to those above exist at this depth, however possibly with less organics. 
 Riccarton Gravels 11.0m + bgl: At this depth the sandy gravels begin. They were deposited during the 
Last Glaciation, approximately 15,000 to 25,000 years ago. 
Bell Geoconsulting (2014) also mentions that the groundwater influencing the site is made up of three 
separate zones of saturation. This includes an aquifer perched above the top layer of peat, an alluvial aquifer 
within the clayey silt and a fine-medium sand layer (between ~7.5m and 9m bgl), as well as an aquifer within 
the Riccarton Gravels. 
Three CPTs were placed directly adjacent to boreholes, each of which were available for examination in this 
thesis. These boreholes were collected for the purpose of conducting laboratory tests on the soils, and then 
comparing the results gained with what the CPT specified. 
Samples were also carefully collected in two locations, in order to obtain two additional stratigraphic profiles 
within Groynes Park. Locations were selected due to the soils present, the proximity relative to the three 
CPT/borehole pairs, and the ease of access to soils at depth. The first set of samples were collected in the 
Wetland area, on the northeast side of the subdivision, as the retention ponds made it possible to reach 
depths of approximately 4m. The second set of samples were taken during an excavation to insert a pipeline, 
allowing samples to be taken from  up to approximately 7.5m below the surface.  The intention was to then 
carry out adjacent CPT tests with the help of Bell Geoconsulting Ltd, however due to issues with the Groynes 
Park developers this was not possible, and therefore these sample sets were used only to help develop a 
geological model for the subdivision. 
 
3.4  LABORATORY WORK 
In the laboratory, the boreholes were carefully divided up into different lithological layers, by a combination of 
both personally logged descriptions of the soil and the soil behaviour types produced in CLiq. Representative 
samples were taken from each of the lithological layers, as well as the field samples, which were each tested in 
four different ways for the purpose of having an accurate account of the grain size of each sample; Laser-Sizer 
Analysis, Atterberg Limits, Hydrometer Analysis, and X-Ray Diffraction. The New Zealand standard for soil 
classification is Pipette, with Hydrometer the subsidiary (NZS 4402). The Atterberg Limits provided Plasticity 
Index data which indicated relatively high clay mineral percentages, however the Laser-Sizer results provided 
low clay percentages, which did not match the Atterberg data. Therefore a calibration trial against a New 
Zealand Standard method was carried out using the Hydrometer. Also because of these inconsistencies with 
the clay percentage and Plasticity Index, the X-Ray Diffraction test was carried out for the purpose of 
determining if the clay percentages were representative of actual clay minerals, or simply clay sized particles. 
The entirety of these tests followed the procedures of the NZS 4402 : 1986. 
  
 
3.4.1  LASER-SIZER 
All Laser-Sizer analysis was done through the Saturn Digisizer II 5205, provided in the University of Canterbury 
soil laboratory. Laser-Sizer analysis is a useful approach to finding the particle size of each of the lithological 
layers, with the Laser-Sizers ability to break the components down, providing the database with very specific 
measurements. To prepare for this test, a small amount of each sample was added to a beaker holding the 
dispersant Calgon (measuring approximately the sample volume multiplied by two). This was then placed upon 
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a magnetic stirrer for 15-20 minutes. A smaller sample was removed from the beaker by a syringe, which was 
placed in the middle region of the spinning mass, in order to get the largest range of particle size. 
Approximately 10 drops were placed in the Laser-Sizer, which was set to full level of dilution, causing the 
amount of sample within the machine solution to lie around 16-20%. The same test was executed three times, 
in order to allow for an average to be taken. 
 
3.4.2  ATTERBERG LIMITS 
 
Figure 3.5: A schematic of a Casagrande, identical to the one used in this thesis. Picture from NZS 4402 : 1986 guidelines. 
The Atterberg Limit tests provide this study with the water content at which each soil begins to behave like a 
plastic or a liquid. As well as this, the plasticity index (difference between the liquid and plastic limits) is highly 
useful to this study, as it is essentially a measure of a soil’s behaviour, similar to that of which the CPT soil 
behaviour type provides, and therefore is excellent to use for comparison. Analysis for both the Liquid and 
Plastic Atterberg Limits were also done in conjunction with the NZS 4402 : 1986 guidelines. The Liquid Limit 
was carried out exactly to the specifications of test 2.2. The device used was a Casagrande, as seen in Figure 
3.5, which recorded the blows for four tests before the water content was measured. The Plastic Limit 
followed the specifications of NZS 4402 : 1986 test 2.3, without any variations to the procedure or apparatus. 
The test is conducted twice per sample, so an average can be taken. Following the determination of both the 
Liquid and Plastic Atterberg Limits, the Plasticity Index was calculated in accordance with NZS 4402 : 1986 test 
2.4, which required calculating the difference between the Liquid and Plastic Limits to get a single value. 
Atterberg Limits required three phases of analysis; Liquid Limit, Plastic Limit, and Plasticity Index. The Liquid 
Limit analysis involved tabulating the data into Excel including; mass of container; mass of container and wet 
soil; mass of container and dry soil; and the amount of blows. From these variables it was possible to calculate 
the mass of water, mass of soil, and the water content within each sample. Once these calculations had been 
performed, the water content was graphed against blows (by the Casagrande), and the point at which the 
trend line for each graph crossed the point of 25 blows, the corresponding water content gave the Liquid Limit. 
This exact point on the graph was worked out mathematically, in order for higher precision. 
For the Plastic Limit, the beginning of the process is very similar. Data was tabulated, and the same 
calculations were performed to gain the mass of water, mass of soils and water content. The Plastic Limit was 
then calculated for both of the tests conducted for each sample, and an average was taken in order to produce 
a single value. Finally the Plasticity Index was found by a calculation performed by subtracting the Plastic Limit 
from the Liquid Limit. 
PI = LL – PL      (6) 
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3.4.3  HYDROMETER 
Analysis using the Hydrometer was also conducted for the purpose of particle size. Hydrometer analysis was 
done following the NZS 4402 : 1986 guidelines. Several small adjustments were made however, due to 
availability of equipment. Hydrogen Peroxide was added only to samples containing organics, and instead of a 
Buchner or Hirsch funnel and filter flask connected to a vacuum, a Centrifuge was used to remove the 
Hydrogen Peroxide. To disperse the soil samples, a magnetic stirrer was used in place of a shaking bottle, and 
Calgon was used for the Hexametaphosphate solution. A constant temperature bath was absent, however as 
the laboratory room was south-facing, the sun did not appear to have an effect on the room temperature, 
which was measured to be 23
o
C at several different times throughout the day, as well as on different days with 
different weather. For the remainder of the Hydrometer testing process, the New Zealand Standard, section 
2.8.4 “Determination of the particle-size distribution – subsidiary method for fine soils (Hydrometer method)” 
was strictly used, and for the wet sieving section 2.8.1 “Standard method by wet sieving”.  
The Hydrometer analysis was necessary to produce a grainsize distribution for each sample. The raw data was 
added to an excel sheet, including the date and time, the readings taken during the test, and the temperature 
of the water. From here it was possible to calculate the effective depth (of each reading), the particle 
diameters and the percentage of particles with a mass less than each particular diameter. The two latter 
variables were graphed as a grading curve, which enabled the percentages of clay, silt and sand sized fractions 
to be determined and recorded. An example of a grading curve graphed for this thesis is shown in Figure 3.6. 
 
Figure 3.6: An example of the sample 3, borehole 1 grading curve, graphed during the Hydrometer analysis phase. 
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3.4.4  CLAY MINERALOGY 
In order to determine what the fines content within the different soils were comprised of, an X-Ray Diffraction 
test (XRD test) was conducted on several samples within each of the boreholes. Stephen Brown, a Geochemist 
from the University of Canterbury, was in charge of conducting the XRD tests, and has provided a description 
of the method involved: 
 “PC loaded with Visual XRD controller software and Traces (V4) search-match software using 
Hanawalt search-match algorithm.  
 Sample scanned from 3 to 70 degrees two theta with a step size of 0.02 degrees two theta and scan 
speed of 0.02 degrees two theta per second.   
 Sample is ground in agate mortar and pestle with the addition of ethanol to form a slurry.  The slurry 
is transferred to half a microscope slide as a thin layer (orientated mount) using a disposable pipette 
and allowed to dry at room temperature. 
 For swelling/expanding clay minerals the air dried slide is placed into a desiccator with ethylene glycol 
solution overnight in an oven at 60˚C.  Once the slide has cooled to room temperature it is scanned 
from 3 to 30 degrees two theta. 
 For clay minerals affected by heat the glycolated slide is placed into a muffle furnace for one hour at 
550˚C.  Once the slide has cooled to room temperature it is scanned from 3 to 30 degrees two theta.” 
The XRD test sends data to a computer, which is both tabulated and graphed, according to the composition of 
the samples. A copy of the table can be seen in section 3.5, and includes the composition of the entire soil 
(rather than just the composition of the fines within the sample), ultimately making the test somewhat 
unhelpful. In addition to this table, four graphs are provided for each sample, which display a measure of the 
different components within the soil. These graphs can be seen in Appendix A.2. 
 
3.5  LABORATORY RESULTS 
The laboratory results have provided sufficient data to have enabled comparisons to be made between the 
borehole particle sizes and the CPT soil behaviour types. In the tables below (3.4 a), b) and c)), the results from 
the NZGS Logging, Hydrometer, Laser-Sizer, Plasticity Index, and CPT soil behaviour type are displayed adjacent 
to one another, moving downwards with depth below the surface. From these results, it appears that the CPT 
soil behaviour type method is not doing an accurate job at assessing the soil behaviour type, particularly 
concerning the clay percentage/fines content and therefore in the following sections, the soil behaviour type 
index, Ic has been examined more closely. 
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Borehole 1 – CPT 1 
Sample Depth bgl (m) NZGS Logging Hydrometer Laser-Sizer Plasticity Index CPT soil behaviour 
type 
1 0.9 – 1.6 Silty CLAY Clayey SILT Clayey SILT Clayey SILT - Silty CLAY Clayey SILT - Silty 
CLAY 
2 1.6 – 2.2 CLAY Silty CLAY Clayey SILT w. sand Clayey SILT - Silty CLAY Clayey SILT - Silty 
CLAY 
3 2.3 – 2.65 Silty fine SAND w. clay Clayey SILT Sandy SILT Sandy SILT - Clayey 
SILT 
Clay - Silty CLAY 
4 2.85 – 3.2 CLAY w. silt Clayey SILT Clayey SILT Clayey SILT - Silty CLAY Clayey SILT - Silty 
CLAY 
5 3.2 – 3.8 CLAY w. silt Clayey SILT Sandy SILT Clayey SILT - Silty CLAY CLAY - Silty CLAY 
6 3.85 – 4.0 CLAY w. silt Clayey SILT Sandy SILT Sandy SILT - Clayey 
SILT 
Silty SAND - Sandy 
SILT 
7 4.0 – 4.3 Silty fine SAND w. clay Clayey SILT Sandy SILT Sandy SILT - Clayey 
SILT 
CLAY - Clayey SILT 
8 4.4 – 4.65 Silty CLAY Clayey SILT Sandy SILT Sandy SILT - SAND Sandy SILT - Silty 
SAND 
9 4.65 – 6.5 Silty fine SAND w. clay Clayey SILT Sandy SILT Silty CLAY - CLAY Silty SAND - Sandy 
SILT 
10 6.7 – 7.05 CLAY w. silt Silty CLAY Clayey SILT Clayey SILT - Silty CLAY CLAY - Clayey SILT 
11 7.05- 7.4 CLAY w. silt Clayey SILT Clayey SILT Sandy SILT - SAND Clayey SILT - Silty 
CLAY 
12 7.5 – 8.6 Silty fine-medium 
SAND 
Silty FINE SAND w. 
clay 
Silty SAND Sandy SILT - SAND Silty SAND - SAND 
13 8.6 – 8.9 Silty fine-medium 
SAND 
Fine sandy SILT Silty SAND Sandy SILT - SAND Silty SAND - Sandy 
SILT 
14 8.9 – 9.35 Silty fine-medium 
SAND 
Silty FINE SAND Silty SAND Sandy SILT - SAND CLAY - Clayey SILT 
15 9.35 – 10.1 Silty fine SAND w. clay Fine sandy SILT w. 
clay 
Sandy SILT Sandy SILT - SAND Clayey SILT - Silty 
CLAY 
16 10.1 – 10.4 Silty CLAY Clayey SILT Clayey SILT Sandy SILT - SAND CLAY - Clayey SILT 
a) 
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Borehole 2 – CPT 2 
Sample Depth bgl (m) NZGS Logging Hydrometer Laser-Sizer Plasticity Index CPT soil behaviour 
type 
1 1.4 – 1.7 Clayey SILT CLAY/SILT Clayey SILT Silty CLAY - CLAY Silty SAND - Sandy SILT 
2 1.7 – 2.2 Clayey SILT Clayey SILT Clayey SILT Clayey SILT - Silty CLAY Clayey SILT - Silty CLAY 
3 2.2 – 2.4 Clayey SILT Clayey SILT Clayey SILT Clayey SILT - Silty CLAY CLAY - Silty CLAY 
4 2.9 – 3.0 Silty fine SAND Clayey SILT Sandy SILT no sample Clayey SILT - Silty CLAY 
5 4.35 – 5.5 CLAY w. Silt Clayey SILT Clayey SILT Clayey SILT - Silty CLAY CLAY - Silty CLAY 
6 5.5 – 6.5 Clayey SILT w. sand Clayey SILT Sandy SILT Clayey SILT - Silty CLAY CLAY - Silty CLAY 
7 6.5 – 6.6 Clayey SILT w. sand Clayey SILT Clayey SILT no sample CLAY 
8 6.6 – 7.0 Clayey SILT w. sand CLAY/SILT Clayey SILT w. Sand Silty CLAY - CLAY CLAY - Silty CLAY 
9 7.0 – 7.5 CLAY Clayey SILT Clayey SILT Silty CLAY - CLAY CLAY - Silty CLAY 
10 7.5 – 7.8 Silty fine SAND w. clay CLAY/SILT Silty SAND no sample Silty SAND - Sandy SILT 
11 7.8 – 8.3 Silty fine SAND w. clay Clayey SILT Sandy SILT Sandy SILT - Clayey 
SILT 
SAND - Silty SAND 
12 8.3 – 8.5 Silty fine SAND w. clay Clayey SILT Sandy SILT Sandy SILT - Clayey 
SILT 
Silty SAND - Sandy SILT 
13 8.5 – 8.7 Silty fine SAND w. clay SILT Sandy SILT Sandy SILT - Clayey 
SILT 
SAND - Silty SAND 
14 8.7 – 8.9 Silty fine SAND w. clay Sandy SILT Sandy SILT Sandy SILT - Clayey 
SILT 
Silty SAND - Sandy SILT 
15 9.0 – 9.5 Silty fine SAND w. clay Clayey SILT Sandy SILT Sandy SILT - Clayey 
SILT 
Silty SAND - Sandy SILT 
16 9.5 – 9.8 Silty fine SAND w. clay Clayey SILT SILT Sandy SILT - Clayey 
SILT 
Clayey SILT - Silty CLAY 
17 9.8 – 10.2 Clayey SILT Clayey SILT Clayey SILT Clayey SILT - Silty CLAY CLAY - Silty CLAY 
18 10.2 – 10.5 CLAY Silty CLAY Clayey SILT w. Sand Silty CLAY - CLAY Clayey SILT - Silty CLAY 
b) 
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Borehole 3 – CPT 5 
Sample Depth bgl (m) NZGS Logging Hydrometer Laser-Sizer Plasticity Index CPT soil behaviour 
type 
1 1.5 – 2.4 Clayey SILT CLAY/SILT Clayey SILT Clayey SILT - Silty CLAY Clayey SILT - Silty CLAY 
2 2.5 – 2.8 Silty CLAY CLAY/SILT Clayey SILT Clayey SILT - Silty CLAY CLAY - Silty CLAY 
3 5.35 – 6.4 CLAY w. silt SILT/CLAY Clayey SILT w. Sand Clayey SILT - Silty CLAY CLAY - Silty CLAY 
4 6.4 – 7.1 Clayey SILT w. sand Clayey SILT Clayey SILT Clayey SILT - Silty CLAY CLAY - Silty CLAY 
5 7.1 – 8.2 Clayey SILT CLAY/SILT Clayey SILT w. Sand Clayey SILT - Silty CLAY CLAY - Silty CLAY 
6 8.2 – 10.0 Clayey SILT Clayey SILT SILT Sandy SILT - Clayey SILT Clayey SILT - Silty CLAY 
7 10.0 – 10.5 Silty CLAY CLAY/SILT Clayey SILT w. Sand Clayey SILT - Silty CLAY CLAY - Silty CLAY 
Table 3.4: Tables a), b) and c) show the results for the NZGS logging, Hydrometer, Laser-Sizer, Plasticity Index and CPT soil behaviour type. Soils are classified moving downwards with depth 
below the surface. Table 3.4 a) shows the results for borehole 1/CPT 1, Table 3.4 b) shows the results for borehole 2/CPT 2, and Table 3.4 c) shows results for borehole 3/ CPT 5. 
 
c) 
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Table 3.5 displays the results gained by the XRD test. The percentages represent what was present within the 
entire sample, and the sample numbers match those above in tables 5 (a), (b) and (c). For example BH1 S2 is 
borehole 1/CPT 1, sample 2. The XRD test has proven to be somewhat unhelpful to this thesis. The intention 
was for the fines content only to be measured, so that the samples with a high Plasticity Index and low clay 
percentage (or the other way around) could be understood. However as the entire sample was measured, 
these clay sized particles have not been focussed on enough to provide conclusive results, and the clay 
percentage does not appear to have been correctly identified. For example borehole 2, sample 18 has been 
identified consistently by the NZGS Logging, Hydrometer, Plasticity Index and CPT soil behaviour type as a clay 
or silty clay, however the XRD test only specifies that 15% clay particles exist within the sample. 
Sample Label Quartz % Albite % Illite % Kaolinite % 
Wetland Area S9 65 25 5 5 
Wetland Area SR2 70 30 >5 >5 
Pipeline Excavation S2 70 30 >5 >5 
Pipeline Excavation S4 70 30 >5 >5 
BH1 S2 70 25 5 >5 
BH1 S6 70 30 >5 >5 
BH1 S9 70 30 >5 >5 
BH2 S9 70 25 5 >5 
BH2 S14 70 30 >5 >5 
BH2 S18 60 25 10 5 
BH3 S3 70 25 5 >5 
BH3 S4 65 30 5 >5 
BH3 S6 65 30 5 >5 
Table 3.5: Results from the XRD test, with percentages representing the entire sample. Wetland Area and Pipeline 
Excavation are collected samples, BH1, BH2 and BH3 pair with CPTs 1, 2 and 5 respectively. 
When making comparisons between the laboratory derived soil type and the CPT soil behaviour type, it 
became rapidly clear that the CPT soil behaviour type was specifying soils that are somewhat different to what 
was actually present (according to the tests conducted in the laboratory). Through simple comparison and 
tallying, it was determined that often where the laboratory tests specify a silt dominant soil, the CPT soil 
behaviour type will usually predict a clay dominant soil. Alternatively at the other end of the scale, many of the 
silty sands were specified as too coarse by the CPT soil behaviour type. In Table 3.6, the results of these 
comparisons are summarized as percentages. This has confirmed that there is a real issue with what the CPT 
tests are illustrating to be in the stratigraphic profile below the ground 
Borehole/CPT CPT Generally Finer Than 
Laboratory Tests 
CPT Generally the Same 
as Laboratory Tests 
CPT Generally Coarser Than 
Laboratory Tests 
6/1 54% 29% 17% 
7/2 45% 20% 35% 
8/5 88% 6% 6% 
Table 3.6: The results of the CPT soil behaviour type and borehole laboratory soil classification test comparisons, shown as 
a percentage. 
It is important to note the differences seen within the different tests, which in itself causes question to the 
reliability of these methods trusted upon so heavily. In particular the Laser-Sizer provided some questioning 
results, by consistently specifying the clay content to be up to three orders less than what the Hydrometer 
estimated. Upon investigating this matter further, this issue seems to be somewhat overlooked by many, 
despite numerous articles written on the matter. For example J.R. Campbell (2003) note ‘The consensus of 
these studies was that laser particle sizing gave consistent repeatable results, with some limitations. Notable 
of these limitations was the under-reporting of the percentage clay content…’ and L. Pieri et al (2005) find ‘The 
comparison between sedimentation technique and LD (Laser Diffraction) showed that the volume percentage 
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of the clay-size fraction obtained by laser diffraction was lower than the mass percentage of the clay size 
fraction measured by the pipette’, and finally P. Buurman et al (1999) explain ‘This holds true for both the 
underestimation of the clay size fraction by laser diffraction…’. Due to results from this thesis, and research 
from other studies, it was decided that the Hydrometer and Plasticity Index were the most reliable sources 
from which to make comparisons. 
 
a) 
b) 
c) 
Figure 3.7: The relationship for clay percentage between the Laser-Sizer and the Hydrometer. a) displays the results for 
borehole 1, b) the results for borehole 3 and c) the results for the samples obtained in the Wetland Area 
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Figures 3.7 a), b) and c) above show graphs from boreholes 1 and 3, and samples collected in the Wetland 
area, showing the clay percent of the Hydrometer versus the Laser-Sizer. The slope and equation for the 
trendline following the data in the three graphs remains relatively constant. This suggests a consistent trend 
for the underestimation of clay percentage for the Laser-Sizer relative to the Hydrometer at Groynes Park. 
 
3.6  GROYNES PARK MODEL 
 
Figure 3.8: Map of Groynes Park (Google Earth TM, 2015) showing the locations of the three CPT/borehole pairs, as well as 
the two sample group locations. 
As a result of the laboratory analysis, a descriptive model of the Groynes Park subdivision geology has been 
developed in this thesis. In addition to the laboratory results shown in Tables 3.4 a), b) and c) above, Table 3.7 
a) and b) show the results from the laboratory testing of the two lots of samples collected in the field, which 
do not have CPTs to pair with. Figure 3.9 demonstrates a 3-dimensional model showing the surface of the 
Groynes Park subdivision, with stratigraphic profiles from each of the CPT/borehole pairs and the two sample 
groups collected in the field. Stars depict where each sample or test was conducted at the ground surface, with 
the yellow stars representing the CPT/borehole pairs, and the blue stars representing the sample groups 
collected in the field. Each stratigraphic profile is named so that they can be matched with the stars showing 
their location at the surface, however the stratigraphic profiles are based on the Hydrometer results from the 
laboratory testing only, and do not reflect the CPT soil behaviour types. 
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Wetland Area 
Sample Depth bgl (m) NZGS Logging Hydrometer Laser-Sizer Plasticity Index 
8 1.2 – 1.6 Silty CLAY w. fine sand Clayey SILT w. sand Silt SAND Sandy SILT - Clayey SILT 
4 1.6 – 2.1  Clayey SILT Clayey SILT Sandy SILT w. clay Clayey SILT – Silty CLAY 
2 2.1 – 2.5 Clayey SILT Clayey SILT Sandy SILT w. clay Clayey SILT – silty CLAY 
9 2.5 – 2.6 Silty CLAY Clayey SILT Silty SAND w. clay Sandy SILT – Clayey SILT 
3 2.6 – 2.8 Silty CLAY Clayey SILT Silty SAND w. clay Silty CLAY - CLAY 
 
Pipeline Excavation 
Sample Depth bgl (m) NZGS Logging Hydrometer Laser-Sizer Plasticity Index 
1 0.5 – 1.5 Clayey SILT w. sand Clayey SILT Clayey SILT Clayey SILT – Silty CLAY 
2 1.5 – 3.0 Silty fine SAND w. clay Clayey SILT w. sand Sandy SILT Sandy SILT – Clayey SILT 
3 3.0 – 4.5 Clayey SILT Clayey SILT  Clayey SILT Silty CLAY – CLAY 
4 4.5 – 6.0 Clayey SILT Clayey SILT Clayey SILT Silty CLAY – CLAY 
5 6.0 – 7.5 Sandy SILT w. clay Clayey SILT Clayey SILT Silty CLAY 
Table 3.7: Tables a) and b) show the results for the NZGS Logging, Hydrometer, Laser-Sizer and Plasticity Index. Soils are classified moving downwards with depth below the surface. Table 3.7 
a) shows the results for samples collected in the Wetland area, and Table 3.7 b) shows the results for samples collected in the Pipeline Excavation. 
a) 
b) 
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Figure 3.9: A 3-dimensional model showing the surface of Groynes Park with stratigraphic profiles from each of the 
CPT/borehole pairs (yellow stars) and the two sample groups collected in the field (blue stars). Stratigraphic profiles soil 
types are based on the Hydrometer results only 
From Figure 3.9, it can be seen the dominant soils at the Groynes Park Subdivision are clayey SILTS and silty 
CLAYS according to the Hydrometer results, making them very useful for this study, as Robertson and Wride 
(1998) specify that these soils are incompatible with their method for liquefaction analysis using the soil 
behaviour type index, Ic. 
 
3.7  SYNTHESIS 
This chapter has used the Laser-Sizer, Hydrometer, Atterberg Limits and X-Ray Diffraction laboratory tests, 
along with the NZGS logging, to develop an extensive database of classified soils. The results of these tests 
contained inconsistencies, particular when comparing the Laser-Sizer with the Hydrometer. The difference 
between the results remained reasonably consistent, with the Hydrometer specifying 2-3 times the fines 
content specified by the Laser-Sizer. The three graphs depicting trend lines for the Laser-Sizer and Hydrometer 
clay percentage (Figure 3.7 a), b) and c)) demonstrate this consistent relationship. 
When the laboratory test results were compared to the adjacent CPT soil behaviour types, it was immediately 
clear that there were some contradictions. Generally when the laboratory tests identified a silt dominant soil, 
the CPT would identify a clay dominant soil, suggesting that the CPT is over-predicting the clay content within a 
soil mass. In addition to this, when the laboratory tests identified a silty sand, the CPT would often specify a 
coarser soil. An average of the results in Table 3.6 provides an understanding of how inaccurate the 
performance of the CPT soil behaviour type analysis was at the Groynes Park subdivision. These averages 
include; 62% of soils were specified to be too fine by the CPT; 20% of soils were specified to be too coarse by 
the CPT; leaving only 18% of soils being identified correctly by the CPT soil behaviour type at Groynes Park.  
These results show that if this laboratory work had not been conducted during this thesis and the soil model 
was only based on the CPT data, an entirely different model would be shown for the Groynes Park subdivision. 
The liquefaction and settlement potential are calculated as a result of the soil behaviour type index, Ic, and 
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subsequently it is probable that these results would also be different. However the changes to the soil 
classification results at this stage would likely suggest an increase in liquefaction potential and vertical 
settlement when calculated by CLiq, suggesting that more issues are occurring elsewhere in the analysis phase. 
Hence, in the following chapters the CLiq assessment parameters have been investigated as well as the soil 
behaviour type index boundaries, and liquefaction cutoff point of Ic > 2.6. 
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CHAPTER 4 
CLIQ SENSITIVITY ANALYSIS 
4.1  INTRODUCTION 
Sensitivity analysis of CLiq was performed in order to determine if adjusting the assessment parameters will 
affect the overall liquefaction analysis results, and if so by how much. A small number of key parameters were 
chosen, and each were assessed by comparing them to a set of ‘base settings’ which are outlined below. The 
parameters which were chosen to be investigated in this chapter include: 
 The overall assessment method 
 Water table depth, movement both upwards and downwards 
 Ic liquefaction cutoff point 
 Layer detection 
 Weighting factor 
The changes to each assessment parameter is outlined, along with the reasons why each was chosen, before 
the results of the sensitivity analysis is discussed and summarized using tables. 
 
4.2  INVESTIGATION 
A sensitivity analysis was conducted in CLiq using each of the CPT raw data sets from Groynes Park. A number 
of assessment parameters were adjusted, and then details of how the CPT Plots changed with the adjusted 
parameters were recorded, each CPT plot change staying relatively consistent with the other CPT’s for each 
parameter. The different parameters that were tested for sensitivity are summarized in Table 4.1, including 
the ‘base settings’ of which each parameter was individually compared to. Descriptions for these assessment 
parameters are found in chapter 2.7. It is important to note that these adjusted parameters or the ‘base 
settings’ do not reflect what is often used for geotechnical analysis in Christchurch, and are simply there to 
present what occurs to the results when parameters are adjusted. Therefore the results of this sensitivity 
analysis shown in Tables 4.2 – 4.7 and Appendix B.1 do not reflect accurate estimations of vertical settlement 
and liquefaction potential at Groynes Park. 
Assessment Parameters ‘Base Settings’ Changed Settings 
Overall Assessment Method NCEER 2001 Robertson 2009 
Water Table Depth 1.0m bgl 0.7m bgl   ,  3.0m bgl 
Ic liquefaction cutoff point > 2.6 > 2.5 
Layer Detection Unselected Selected 
Weighting Factor Unselected Selected 
Table 4.1: A summary of the variables included in the sensitivity analysis in this thesis, how the parameters were adjusted 
and the ‘base settings’ they were compared to. 
 
The variables outlined in Table 4.1 above were tested for sensitivity and the results tabulated for each CPT. 
Each variable that was changed in this sensitivity analysis, was selected for a particular reason. 
Robertson 2009, is the most recent method of analysis, it includes a new setting specifically for clay-like soils 
(often found in parts of Christchurch), and was identified in chapter 2.7 as the method which generally 
calculates the highest LPI, vertical settlement and lateral displacement results. The NCEER 2001 ‘base setting’ 
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overall assessment method was contrastingly identified as generally calculating the lowest results in chapter 
2.7, and is commonly used in Christchurch for liquefaction analysis. 
The water table was both raised (to 0.7m) and lowered (to 3.0m) for the purpose of deciphering how much the 
movement of the water table changes the plot outputs. During the stages of analysis in this software, a single 
water table elevation is able to be added to the calculation properties. It is often the case in Christchurch 
however, that more than one layer of water occurs, often as perched ground water. If a perched layer of water 
located above the water table is mistaken for the true water table, it would possibly increase the computed 
settlement and liquefaction potential. This information was considered to be of value as it has been identified 
as an issue that only a single water table depth can be added to the assessment parameters, as the method 
was based on sands and silts - not clays or peats. 
The Soil Behaviour Type Index Ic > 2.6 liquefaction cutoff point was reduced to lower the amount of soils 
identified as liquefiable (as any points above 2.6 are said to not liquefy (Robertson and Wride, 1998)), as well 
as to determine what may occur to other plots. 
Layer detection was added into this sensitivity analysis, in order to see what occurs to the plots (that are not 
the soil behaviour type), when the transitional layers are removed from analysis, as layer detection has also 
been identified as an issue with CPT analysis. 
Finally, the weighting factor was included to see what changes would occur to the plots when the volumetric 
strain is reduced linearly with depth. 
Analysis involved carefully studying each of the plots and comparing them to the ‘base settings’ to see exactly 
what changes were occurring, and by how much. An example of how two plots were compared is depicted in 
Figure 4.1. The left hand side (a) displays the Liquefaction Potential Index and Vertical Settlement plots for the 
‘base settings’, while on the right (b) are the same plots for the same CPT which have been changed only by 
the reduction of the liquefaction cutoff point to Ic > 2.5 (from Ic > 2.6). 
On the left (a), it can be seen that the liquefaction potential index reaches into the red zone (meaning very 
high risk) at approximately 7.7m below the surface, and it reaches 20LP at approximately 12.2m below the 
surface. When the liquefaction cutoff point is reduced to Ic > 2.5  (b), the liquefaction potential index reaches 
into the very high risk zone further down at approximately 8.7m below the surface, and the highest 
liquefaction potential index (14m below the surface) is approximately 18LP. A relatively large reduction in 
calculated liquefaction potential.  
When looking at the vertical settlement plots on the right hand sides of Figure 4.1 a) and b), similar results 
occur. The CPT specifies that the site reaches a peak vertical settlement of approximately 25cm in a). In b) 
however, the peak vertical settlement only reaches approximately 19cm. Hence the reduction of the Ic 
liquefaction cutoff value from Ic > 2.6 to Ic > 2.5 has reduced both the liquefaction potential and the vertical 
settlement calculations by a reasonable amount, and should be considered a viable solution to attaining better 
calculated results for Christchurch. 
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Figure 4.1: Liquefaction potential index and vertical settlement plots exported from CLiq (CPT 1). a) shows the ‘base 
settings’ where the liquefaction cutoff point is Ic > 2.6. b) shows the adjusted setting where the liquefaction cutoff point is 
Ic > 2.5. 
It was also necessary to compare each of the different CPT results (CPT 1, 2 and 5) in order to determine how 
consistent the plot changes were. The summarized results of each of the comparisons and the changes 
identified are continued in the following sections. Tables were organised first according to the changed 
variable, and then by page number in the CLiq ‘full CPT report’, and plot type. More detailed results are 
tabulated in Appendix B.1. 
 
4.3  OVERALL ASSESSMENT METHOD 
The Robertson 2009 overall assessment method was compared to the NCEER 2001 assessment method, and 
the results are shown in Table 4.2 below. The Robertson 2009 assessment method caused an increase in the 
liquefaction potential, vertical settlement and lateral displacement calculated for each location. More of the 
stratigraphy was identified as having the potential to liquefy when comparing the factor of safety and CRR 
plots, and the cone resistance was higher. A slight change in the soil behaviour type was seen in CPT 5 only, 
where it became slightly finer in grainsize. Overall, the increase in liquefaction, vertical settlement and fines 
content makes the Robertson 2009 overall assessment method a negative change for this investigation, as 
these variables are usually already too high in Christchurch. 
 
 
 
a) b) 
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Category Plots Changed How they changed 
Page 1 - Liquefaction Analysis 
Report 
Factor of Safety Plot More stratigraphy identified as 
potentially liquefiable 
 Cyclic Resistance Ratio Plot More stratigraphy identified as 
potentially liquefiable 
 Soil Behaviour Type Plot (CPT 5) Slightly finer grainsize 
Page 4 - Liquefaction Grain characteristic factor More detail, higher Kc in places 
Analysis Overall Plots Corrected normalized cone 
resistance 
More detail, higher QTn,cs in 
places 
 Soil Behaviour Type Plot (CPT 5) Slightly finer grainsize 
Page 5 - Liquefaction 
Analysis Overall Plots 
Cyclic Resistance Ratio Plot More stratigraphy identified as 
potentially liquefiable 
Factor of Safety 
Plot 
More stratigraphy identified as 
potentially liquefiable 
Liquefaction Potential Index Higher Liquefaction Potential.  
Vertical Settlement More settlement. 
Lateral Displacement More displacement. 
Page 6 - Check for 
Strength Loss Plots 
Normalized Cone Resistance Higher maximum 
Corrected normalized cone 
resistance 
Marginal differences in plot 
Liquefied Su/Sig'v  Lower Peak Su ratio in places 
 Soil Behaviour Type Index 
(CPT5) 
Finer grainsize 
Page 7 - Estimation of 
Post-Earthquake 
Settlements 
Factor of Safety Plot More stratigraphy identified as 
potentially liquefiable 
Strain Plot More stratigraphy identified as 
potentially liquefiable 
Vertical Settlement More settlement. 
Page 8 - Estimation of Corrected normalized cone 
resistance 
Higher Qtn,cs in places 
Post-Earthquake 
Lateral Displacement 
Cyclic Shear Strain More stratigraphy included in 
plot 
Lateral Displacement More displacement. 
 Factor of Safety Plot More stratigraphy identified as 
potentially liquefiable 
 Soil Behaviour Type Plot (CPT5) Finer grainsize 
Table 4.2: Summary of the results of the sensitivity analysis for CPTs 1, 2 and 5. The overall assessment method was 
analysed, with comparison between the NCEER 2001 and Robertson 2009 methods. 
 
4.4  WATER TABLE DEPTH 
The water table was raised to 0.7m below the surface, and compared to the base setting of 1.0m. The results 
for this change can be seen in Figure 4.3. The water table was then lowered to 3.0m below the surface, to see 
if the opposite changes would occur. The results for this change is shown in Figure 4.4. The raise in water table 
caused a higher amount of liquefaction, vertical settlement and lateral displacement to be calculated for each 
CPT. When the water table was lowered to 3.0m below the surface, less liquefaction, vertical settlement and 
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lateral displacement was calculated for CPTs 1 and 5, however despite all of the other plot changes modifying 
in the same way (including the liquefaction potential index), CPT 2 calculated slightly more vertical settlement 
and lateral displacement. Interestingly, the soil behaviour type was slightly different when comparing the 
lowered water table (3.0m) to the ‘base settings’ water table (1.0m), however no changes were seen when the 
water table was raised. Overall, the two adjustments of the water table depth have demonstrated how 
sensitive the liquefaction assessment results are to the depth entered during analysis. CLiq only allows a single 
water table depth to be included as an assessment parameter, however it is not uncommon for more than one 
layer of water to exist close to the surface. If a smaller perched layer of water sits above the main water table, 
this could create an implication, as both of the depths will create a different set of results. 
   
Category Plots Changed How they changed 
Page 1 - Liquefaction Analysis 
Report 
 
Factor of Safety Plot Slightly more stratigraphy 
identified as potentially 
liquefiable 
Cyclic Resistance Ratio Plot Slightly more stratigraphy 
identified as potentially 
liquefiable 
Page 2 - Basic Pore Pressure Slightly higher pore pressure 
Interpretation Plots   
Page 5 - Liquefaction 
Analysis Overall Plots 
Cyclic Resistance Ratio Plot Slightly more stratigraphy 
identified as potentially 
liquefiable 
Factor of Safety Plot Slightly more stratigraphy 
identified as potentially 
liquefiable 
Liquefaction Potential Index Higher Liquefaction Potential. 
Vertical Settlement Slightly more settlement. 
Lateral Displacement Slightly more displacement.  
Page 6 - Check for Normalized Cone Resistance Slightly higher Qtn 
Strength Loss Plots Liquefied Su/Sig'v Slightly lower Peak Su & Liq Su 
Page 7 - Estimation of 
Post-Earthquake 
Settlements 
Factor of Safety Plot Slightly more stratigraphy 
identified as potentially 
liquefiable 
Strain Plot Slightly more stratigraphy 
identified as potentially 
liquefiable 
Vertical Settlement Slightly more settlement. 
Page 8 - Estimation of 
Post-Earthquake 
Lateral Displacement 
Factor of Safety Plot Slightly more stratigraphy 
identified as potentially 
liquefiable 
Cyclic Shear Strain Slightly more stratigraphy 
included in plot 
Lateral Displacement Slightly more displacement.  
Table 4.3: Summary of the results of the sensitivity analysis for CPTs 1, 2 and 5. A raise in the water table was analysed, 
with comparison between the 1.0m (bgl) and 0.7m (bgl). 
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Category Plots Changed How they changed 
Page 1 - Liquefaction 
Analysis Report 
Factor of Safety Plot Less stratigraphy identified as 
potentially liquefiable 
 Cyclic Resistance Ratio Plot Less stratigraphy identified as 
potentially liquefiable 
 Soil Behaviour Type Plot Exaggerated, i.e. finer and 
coarser grainsize 
Page 2 - Basic Pore Pressure Lower pore pressure 
Interpretation Plots   
Page 3 - Basic Normalized Pore Pressure Ratio Higher Bq. 
Interpretation Plots Soil Behaviour Type Plot Exaggerated, i.e. finer and 
coarser grainsize 
Page 4 - Liquefaction 
Analysis Overall Plots 
(Intermediate Plots) 
Soil Behaviour Type Index Exaggerated, i.e. finer and 
coarser grainsize 
Normalized cone resistance Lower Qtn 
Page 5 - Liquefaction 
Analysis Overall Plots 
Cyclic Resistance Ratio Plot Less stratigraphy identified as 
potentially liquefiable 
Factor of Safety Plot Less stratigraphy identified as 
potentially liquefiable 
Liquefaction Potential Index Lower Liquefaction Potential. 
Vertical Settlement Less settlement (CPT 1 & 5), 
more settlement (CPT2) 
Lateral Displacement Less displacement (CPT 1 & 5), 
more displacement (CPT 2) 
Page 6 - Check for 
Strength Loss Plots 
Normalized Cone Resistance Lower Qtn. 
Corrected normalized cone 
resistance 
Lower Cone Resistance 
Liquefied Su/Sig'v Higher peak Su ratio 
Soil Behaviour Type Index Exaggerated, i.e. finer and 
coarser grainsize 
Page 7 - Estimation of 
Post-Earthquake 
Settlements 
 
Factor of Safety Plot Less stratigraphy identified as 
potentially liquefiable 
Strain Plot Less stratigraphy included in 
plot 
Vertical Settlement Less settlement (CPT 1 & 5), 
more settlement (CPT2) 
Soil Behaviour Type Plot Exaggerated, i.e. finer and 
coarser grainsize 
Page 8 - Estimation of 
Post-Earthquake 
Lateral Displacement 
Corrected normalized cone 
resistance 
Lower Cone Resistance 
Cyclic Shear Strain Less stratigraphy included in 
plot 
Lateral Displacement Less displacement (CPT 1 & 5), 
more displacement (CPT 2) 
Factor of Safety Plot Less stratigraphy identified as 
potentially liquefiable 
Soil Behaviour Type Plot Exaggerated, i.e. finer and 
coarser grainsize 
Table 4.4: Summary of the results of the sensitivity analysis for CPTs 1, 2 and 5. A lower water table was analysed, with 
comparison between the 1.0m (bgl) and 3.0m (bgl). 
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4.5  IC LIQUEFACTION CUTOFF POINT 
To test the sensitivity of the soil behaviour type index, Ic, liquefaction cutoff point, the value was reduced from 
Ic > 2.6 to Ic > 2.5. By lowering the liquefaction cutoff point, less stratigraphy was identified as having the 
potential to liquefy and the calculations for the liquefaction potential index, vertical settlement and lateral 
displacement produced lower results. In addition to this, there was less stratigraphy included in the strain and 
shear strain plots, and there were changes to the liquefied strength ratio. This comparison produced positive 
results towards this investigation, as it demonstrates a method which can reduce the liquefaction potential 
and vertical settlement results, perhaps making them more realistic for Christchurch. The results are shown in 
Table 4.5. 
   
Category Plots Changed How they changed 
Page 1 - Liquefaction 
Analysis Report 
Factor of Safety Plot Less stratigraphy identified as 
potentially liquefiable 
 Cyclic Resistance Ratio Plot Less stratigraphy identified as 
potentially liquefiable 
Page 5 - Liquefaction 
Analysis Overall Plots 
Cyclic Resistance Ratio Plot Less stratigraphy identified as 
potentially liquefiable 
Factor of Safety Plot Less stratigraphy identified as 
potentially liquefiable 
Liquefaction Potential Index Lower Liquefaction Potential. 
Vertical Settlement Less settlement. 
Lateral Displacement Less displacement. 
Page 6 - Check for Liquefied Su/Sig'v Slightly lower Liq. Su ratio 
Strength Loss Plots   
Page 7 - Estimation of 
Post-Earthquake 
Settlements 
Factor of Safety Plot Less stratigraphy identified as 
potentially liquefiable 
Strain Plot Less stratigraphy included in 
plot 
Vertical Settlement Less settlement. 
Page 8 - Estimation of 
Post-Earthquake 
Lateral Displacement 
Factor of Safety Plot Less stratigraphy identified as 
potentially liquefiable 
Cyclic Shear Strain Less stratigraphy included in 
plot 
Lateral Displacement Less displacement. 
Table 4.5: Summary of the results of the sensitivity analysis for CPTs 1, 2 and 5. The Ic liquefaction cutoff point is analysed, 
with comparison between Ic > 2.6 and Ic > 2.5. 
 
4.6  LAYER DETECTION 
When the layer detection option is checked during CLiq analysis, less stratigraphy is identified as having the 
potential to liquefy, and therefore lower amounts of liquefaction, vertical settlement and lateral displacement 
are calculated. There is also less stratigraphy included in the liquefied strength ratio, strain and cyclic shear 
strain plots, in comparison to when the layer detection option is un-checked. Hence this change is positive 
towards the investigation in this thesis, as it calculates results which appear to be higher in accuracy than the 
‘base settings’. Table 4.6 displays results for this parameter change. 
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Category Plots Changed How they changed 
Page 1 - Liquefaction 
Analysis Report 
Factor of Safety Plot Less stratigraphy identified as 
potentially liquefiable 
 Cyclic Resistance Ratio Plot Less stratigraphy identified as 
potentially liquefiable 
Page 5 - Liquefaction 
Analysis Overall Plots 
Cyclic Resistance Ratio Plot Less stratigraphy identified as 
potentially liquefiable 
Factor of Safety Plot Less stratigraphy identified as 
potentially liquefiable 
Liquefaction Potential Index Lower Liquefaction Potential.  
Vertical Settlement Less settlement. 
Lateral Displacement Less displacement. 
Page 6 - Check for 
Strength Loss Plots 
Liquefied Su/Sig'v Less stratigraphy identified in 
plot 
  
Page 8 - Estimation of 
Post-Earthquake 
Settlements 
Factor of Safety Plot Less stratigraphy identified as 
potentially liquefiable 
Strain Plot Less stratigraphy identified as 
potentially liquefiable Less 
Layers 
Vertical Settlement Less settlement.  
Page 9 - Estimation of 
Post-Earthquake 
Lateral Displacement 
Factor of Safety Plot Less stratigraphy identified as 
potentially liquefiable 
Cyclic Shear Strain Less stratigraphy included in 
plot 
Lateral Displacement Less displacement.  
Table 4.6: Summary of the results of the sensitivity analysis for CPTs 1, 2 and 5. The layer detection tool is analysed, with 
comparison between unchecked and checked. 
4.7  WEIGHTING FACTOR 
By checking the weighting factor option during CLiq analysis, only two changes were seen when comparison 
was made to the base settings. The vertical settlement was reduced and the volumetric strain was lowered. 
While small, these changes are useful for this investigation as the results for vertical settlement may be closer 
to what is likely to occur during a future large earthquake in Christchurch. Results can be seen in Table 4.7. 
         
Category Plots Changed How they changed 
Page 5 - Liquefaction Vertical Settlement Less settlement. 
Analysis Overall Plots   
Page 7 - Estimation of Vertical Settlement Less settlement. 
Post-earthquake Strain Plot Less volumetric strain 
Settlements   
Table 4.7: Summary of the results of the sensitivity analysis for CPTs 1, 2 and 5. The weighting factor tool is analysed, with 
comparison between unchecked and checked. 
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4.8  SYNTHESIS 
Investigation in CLiq has confirmed that making changes to variables within the computer software can 
sometimes lead to significant changes to the results gained. It is important therefore for geotechnical 
investigations to be carried out using the correct techniques in order for the correct land remediation or 
foundation design to be allocated. This thesis will not go into detail with what these correct variables and 
techniques should encompass, and will simply recognise the importance of future work taking place. Below in 
Table 4.8 is a summary of the results for the sensitivity analysis performed, specifically in relation to the focus 
of this study (changes to soil behaviour type, liquefaction potential index and vertical settlement). 
 Robertson 
2009 
Lower Ic 
(2.5) 
Raise 
Water 
Table 
(0.7m) 
Lower Water 
Table (3.0m) 
Layer 
Detection 
Weighting 
Factor 
Overall Difference 
(small/med/large) 
Large Medium Medium Large Medium Small 
Changes to the 
Soil Behaviour 
Type 
Finer (CPT 5 
only) 
None None Exaggerated 
(coarser/finer) 
None None 
Changes to the 
Liquefaction 
Potential 
Higher 
Potential 
Lower 
Potential 
Higher 
Potential 
Lower 
Potential 
Lower 
Potential 
None 
Changes to the 
Vertical 
Settlement 
More 
settlement 
Less 
Settlement 
More 
Settlement 
Mostly Less 
Settlement 
Less 
Settlement 
Less 
Settlement 
Table 4.8: Summary of all of the results of the sensitivity analysis performed in this thesis. 
The sensitivity analysis in CLiq confirmed the importance of ensuring the soil behaviour type index, Ic is correct 
for the soil behaviour type boundaries in Christchurch, as there were minimal to no improvements to the soil 
behaviour type seen with any of the other variable adjustments. It also became clear that while these variable 
changes may reduce (or in some cases increase) the liquefaction potential index and vertical settlement 
results, the core solution is likely to be generated as a result of changing the soil behaviour type index, Ic > 2.6 
liquefaction cutoff point. 
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CHAPTER 5 
SOIL BEHAVIOUR TYPE ANALYSIS 
5.1  INTRODUCTION 
Chapter 5 outlines soil behaviour type analysis, which is fundamental to this thesis. The past methods used to 
analyse soil behaviour type for in-situ testing are introduced, leading up to the work conducted by Peter 
Robertson and his co-workers. The method used by most at present is the soil behaviour type index, Ic, which 
was developed by Robertson and Wride (1998), a description of which is included in this chapter. Robertson 
and Wride however specify that this procedure is not suitable for soils classified as clayey silt, silty clay, or clay, 
which could be the reason why there is an issue with the soil behaviour type and the liquefaction and vertical 
settlement potentials in northwest Christchurch. Soil behaviour type analysis for Christchurch soils are 
analysed later in this chapter, followed by the proposed revised methodology, and an example of the 
methodology being applied to a location in Christchurch. 
 
5.2  PAST METHODS 
From the late 1960s to the 1990s, there was a large amount of research being conducted in order to make a 
connection between the SPT blow count, and the CPT. The purpose of this was to develop a methodology that 
could be used to determine a soil type using only the cone penetration test which, according to Jefferies and 
Davies (1993) is more advantageous due to its precision, repeatability, continuous logging and multiple 
channel measurements. The classification of soils became a focus for those interested in the development of 
the CPT, as popularity has peaked for the test so has the desire to gain direct soil types. The general trend of 
the CPT results is determined using the cone resistance and the friction ratio. As a general rule, a sandy soil will 
often have a high cone resistance and a low friction ratio, while a clayey soil will have a low cone resistance 
and a high friction ratio. Hence the apparent fines content can be estimated using the cone resistance and the 
friction ratio, with the latter being the favoured and more reliable method. Conventional CPT soil classification 
methods will generally include a two dimensional chart based on either the cone resistance (qc or qt), friction 
ratio, and pore pressure, or the normalization of these characteristics, with respect to vertical overburden 
stress. 
In 1965, Begemann, presented what is known as the first rational soil profiling method (Tumay, et al 2008). 
Using a similar trend to the one mentioned above, Begemann (1965) saw that larger values of cone resistance 
and sleeve friction would be generated if the soil was coarse grained, and the opposite effect with fine grained 
soils. This trend is displayed in the soil profiling chart in Figure 5.1, with the soil type shown as a function of the 
ratio between sleeve friction and cone resistance (or the friction ratio). In addition to this chart, Table 5.1 
specifies what soil types the friction ratios represent. 
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Figure 5.1: The relationship of sleeve friction and cone resistance with soil type (Begemann, 1965). 
 
Table 5.1: Soil type as a function of the friction ratio shown as a percentage, after Begemann (1965). 
Douglas and Olsen (1981) were among the first to provide a method for soil classification using the CPT, after 
comprehensive work based on data from sites in the Western USA. A soil profiling chart was developed, and is 
displayed in Figure 5.2, where the friction ratio and the cone resistance provide soil type zones which have 
been classified based on the USCS. The three lines that curve upwards represent an increase in coarse grained 
soil, while the four horizontal lines curving upwards to the left represent changes in void ratio, fines content 
and grain size. The chart also shows the USCS change diagonally as the cone tip resistance decreases and the 
friction ratio increases, from SM & SP on the left, to ML, and then to CL & CH on the right. 
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Figure 5.2: The friction ratio and cone resistance provide soil type zones based on the USCS (Douglas and Olsen, 1981). 
Vos (1982) had a similar idea to Begemann (1965), and used the trend of the friction ratio with coarse and fine 
grained soils to identify the soil types in Dutch soils. As seen in Table 5.2, the friction ratio values are similar, 
but not identical to those suggested by Begemann (1965). 
 
Table 5.2: Soil types as a function of the friction ratio shown as a percentage (Vos, 1982) 
In the same year Jones and Rust (1982) produced a soil profiling chart which was based on the net cone 
resistance and excess pore water pressure. The chart also attempted to identify consistency and density of fine 
and coarse grained soils. Figure 5.3 depicts the chart developed by Jones and Rust (1982). 
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Figure 5.3: Soil profiling chart based on the net cone resistance and excess pore water pressure (Jones and Rust, 1982). 
 
5.3   ROBERTSON AND CO-WORKERS 
The mid to late 1980s was the beginning for Peter Robertson and a number of co-authors, who would 
eventually develop the method used primarily throughout the world today. Robertson et al (1986) first 
developed the soil behaviour type charts, based on piezocone data, with cone resistance corrected for pore 
pressure (qt). Two charts were produced which identified soil types within twelve numbered zones: 
1. Sensitive fine grained soil 
2. Organic soil 
3. Clay 
4. Silty clay to clay 
5. Clayey silt to silty clay 
6. Sandy silt to clayey silt 
7. Silty sand to sandy silt 
8. Sand to silty sand 
9. Sand 
10. Sand to gravelly sand 
11. Very stiff fine grained soil 
12. Overconsolidated or cemented sand to clayey sand 
Figure 5.4 displays these two charts, and the zones mentioned above. Note in Figure 54 a) Zones 1, 11 and 12 
are either side of the linear assemble holding the remaining numbers. This is because they represent 
somewhat extreme soil responses, and are included so that the CPT can decipher more than just the soil 
particle size (Tumay, et al 2008). The second chart, Figure 5.4 b), introduces the pore pressure ratio, Bq. This 
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chart depicts zones in the soil where the measured (u2) pore pressure becomes smaller than the initial pore 
pressure during the CPT test. These areas are negative Bq values. 
 
Figure 5.4: Soil behaviour type charts by Robertson, et al (1986) containing twelve numbered soil type zones. 
In 1990, Robertson refined these two charts, by normalising the cone resistance and friction ratio. In addition 
to this the 12 soil zones were reduced to 9 and now include: 
1. Sensitive, fine grained 
2. Organic soils - peats 
3. Clays - clay to silty clay 
4. Silt mixtures - silty clay to clayey silt 
5. Sand mixtures - sandy silt to silty sand 
6. Sand - silty sand to clean sand 
7. Sand to gravelly sand 
8. Very stiff sand to clayey sand 
9. Very stiff, fine gained 
Figure 5.5 shows the Robertson (1990) charts that correspond to the new soil zones. 
   
a) b) 
Figure 5.5: Refined version of Figure 5.4 (by Robertson, 1990) now showing 9 numbered soil type zones, down from 12. 
a) b) 
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5.4  SOIL BEHAVIOUR TYPE INDEX, IC 
Currently a soils behaviour type is determined using the CPT to generate the soil behaviour type index, Ic. In 
1990, Peter Robertson developed the soil behaviour type chart by normalizing the cone penetration resistance 
(qc) and friction ratio (Rf). Robertson introduced charts that used the normalized cone penetration test data as 
a three-dimensional classification system, and took into account variables such as changes in stress history and 
sensitivity (see Figure 5.5 a) and b) above). In 1993, Jeffries and Davies modified the chart developed by 
Robertson, and improved it by creating the soil behaviour type index, Ic, which was defined as follows: 
 𝐼𝑐 = √{3 − log(𝑄(1 − 𝐵𝑞)]}
2 + [1.5 + 1.3(log𝐹)]2   (7) 
where:  
Q is the stress normalized tip resistance (dimensionless)  
Bq is the pore pressure ratio (dimensionless), and 
F is the stress normalized friction ratio (in percent) 
Jefferies and Davies (1993) approximated the soil behaviour type zones using concentric circles. The vertical 
and horizontal scales were distorted using different length scales, and the soil classification index, Ic, was then 
based on circle radius. The factor 1.3 in equation 7 above, is the mapping used to obtain a plot with concentric 
circles, and the centre of  the circles is Log (Q) = 3, Log (F) = -1.5 (both logs are base 10). 
 
Figure 5.6: Modified soil behaviour type chart showing the centre of the Ic concentric circles (Jefferies and Davies, 1993) 
In 1998, Robertson and Wride updated Jefferies and Davies work, to become the current guide for most 
practicing geotechnical companies in Christchurch. Robertson and Wride (1998) followed the same principles 
set by Jefferies and Davies (1993), upon which the soil behaviour type index, Ic, was determined by the radius 
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of each concentric circle acting as the boundaries between the soil behaviour type zones. However Robertson 
and Wride (1998) made changes to the equation which defines the index, Ic, to become: 
Ic = [(3.47 – Q)
2
 + (log F + 1.22)
2
]
0.5
     (8) 
Where:  
Q is the normalized CPT penetration resistance (dimensionless), and  
F is the normalized friction ratio (in percent) 
The normalized CPT soil behaviour type chart updated by Robertson & Wride (1998), can be seen below in 
Figure 5.7. The boundaries of each soil behaviour type provided by the index, Ic, are depicted in Table 5.3. 
 
Figure 5.7: Normalized CPT soil behaviour type chart by Robertson and Wride (1998). 
 
Table 5.3: Soil behaviour type index, Ic, zones, after Robertson and Wride (1998). 
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5.5 UNSUITABILITY OF THE SBT INDEX FOR NORTHWEST CHRISTCHURCH SOILS 
While both Robertson & Wride (1998) and Jefferies & Davies (1993) have large amounts of data to support 
their research, it is important to note that the majority of data was established within very sandy 
environments, vastly different from north-western Christchurch. Jefferies and Davies wrote ‘The soils tested 
included natural deltaic sands to silts, mine tailings ranging from medium sand with little fines to silt’ (page 
464) and from Robertson and Wride ‘The field observation data used to compile the CPT database are… based 
on the following conditions, similar to those for the SPT-based data: Holocene age, clean sand deposits; level 
or gently sloping ground…’. In fact Robertson and Wride (1998) then go on to say ‘Caution should be exercised 
when extrapolating the CPT correlation to conditions outside of the above range’ and most importantly ‘This 
shows that the integrated CPT method… as outlined here, does not apply to soils that would be classified as 
clayey silt, silty clay, or clay… when interpretation of the CPT indicates that these types of soils are present, 
samples should be obtained and evaluated using other criteria…’ (pages 448 and 456 respectively). 
As mentioned previously, Christchurch is made up of a range of different soil types. To the east, soils consist 
predominantly of sands and sandy silts, however particularly in the northwest, soils often consist of clayey silt, 
silty clay, clay and peat, which Robertson and Wride specifically say are unsuitable for their method of CPT 
evaluation. It is likely that this is the reasoning behind the issue that has arisen with the CPT soil behaviour 
type, liquefaction and vertical settlement potential in Christchurch. 
The soil behaviour type index, Ic, also has an effect on the ground settlement and liquefaction values produced 
by the CPT. Soils with Ic > 2.6 fall into the clayey silt, silty clay and clay regions of the CPT soil behaviour type 
chart (Table 5.3), hence Robertson and Wride (1998) specify that it is reasonable to assume that in general, 
these soils will not liquefy. However, as a problem with the soil behaviour type has also been identified, it is 
possible that this Ic > 2.6 cutoff point may be incorrect, leading to an improper estimation of both the 
settlement values and the liquefaction potential. 
 
5.6  SOIL BEHAVIOUR TYPE ANALYSIS FOR CHRISTCHURCH SOILS  
As discussed earlier in this section the Soil Behaviour Type Index, Ic has boundaries for each of the different soil 
behaviour types which were developed using concentric circles. The cut off for each soil behaviour type, 
defined by Robertson and Wride (1998), is displayed in table 5.3. However as previously mentioned, the data 
base used to define these boundaries was built by predominantly sands, and is specified by the authors to be 
unsuitable for soils such as those found northwest Christchurch. 
From the laboratory work carried out during this thesis, it was noted that the CPT was often depicting finer soil 
behaviour types than what was actually present below the ground. This fact, as well as the initial problem of 
an overestimation of the liquefaction potential and vertical settlement, has stressed that there are problems 
within the soil behaviour type index classification system. 
The core of this issue could be pin-pointed to where on the Ic spectrum the different soil behaviour type 
boundary cutoff points are located. Table 5.4 suggests a way in which the boundaries could be changed, based 
on the laboratory/CPT soil behaviour type pairings completed earlier. The lower boundary for the silty clay – 
clay region has been raised. This was done in order to reduce the amount of data being defined as a clay, 
because CPT soil behaviour types from Groynes Park were displaying a clear overabundance, when they should 
have been dominated by clayey silts (according to the laboratory data). The bottom boundary of the clayey silt 
–silty clay group was adjusted to 2.5. This is an important boundary as it specifies the cutoff point for 
liquefaction, i.e. anything above will not liquefy. By lowering this value, the liquefaction potential, vertical 
settlement and lateral displacement were reduced in the CLiq sensitivity analysis results. Lastly the bottom 
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boundary for the silty sand – sandy silt has been lowered, in order to incorporate higher proportions of the soil 
type into the results, as some were initially being wrongly classified in the clean sand – silty sand region. 
Ic < 1.31 Gravelly sand – dense sand 
1.31 < Ic < 1.90 Clean sand – silty sand 
1.90 < Ic < 2.50 Silty sand – sandy silt 
2.50 < Ic < 3.20 Clayey silt – silty clay 
3.20 < Ic < 3.60 Silty clay – clay 
Ic > 3.60 Organic soils, peats 
Table 5.4: Suggested way to adjust the soil behaviour type index boundaries, based on laboratory results from this thesis. 
The need for each boundary to change was decided upon due to the laboratory results, i.e. which CPT soil 
behaviour types were showing the largest difference from the laboratory tests. From there, the amount of 
change for each boundary was decided upon due to their individual need for it, for example the upper limit of 
the clayey silt – silty clay region was increased from 2.95 to 3.2. This was the largest change, due to such a high 
amount of soil behaviour types from the CPT being classified as clay dominant when they should be silt 
dominant (according to the laboratory tests). The new boundaries were tested on each of the three 
CPT/borehole pairs and perfected through trial and error. The CLiq SBTn Plots for each of the CPTs were 
printed, and the boundaries were adjusted to the new location, an example of which is shown by the solid 
black lines in Figure 5.8. The plot was then carefully re-graphed and logged by hand (Figure 5.9), and compared 
with a) the pre-calculated soil behaviour type chart (calculated with original boundaries) b) the Hydrometer 
results in log form, and c) the Atterberg Limit results in log form. After some more minor adjustment, the 
results of which consistently showed that the soil behaviour type now matched the laboratory data more 
accurately. Appendix C.3 includes the graphs and logs for the three CPT/borehole pairs. 
  
Figure 5.8: SBTn Plot generated from CLiq for CPT 2. Colours represent different soil behaviour types, black lines depict changes to 
the boundaries, as seen in Table 5.4. 
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Figure 5.9 A sketch of the new soil behaviour types for CPT2. The soil behaviour types were taken from the Ic boundary changes 
depicted in Table 5.4 and Figure 5.8. Columns on the right depict logged soil types given by the Hydrometer (left) adjusted soil 
behaviour type boundaries (middle) and original soil behaviour type boundaries (right). 
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As this process appeared to have worked successfully at producing better soil behaviour type results, it was 
thought necessary to test the procedure on several additional sites throughout Christchurch. Ten more sites 
were chosen at random using the Canterbury Geotechnical Database, as well as an additional two 
CPT/borehole pairs provided by Samantha Webb from GHD. A list of these sites can be seen in Table 5.5. 
Street Address Area in Christchurch Date of Test Source 
22a Viceroy Place Halswell 10/06/2013 Tonkin and Taylor 
1 School Road (1) Tai Tapu 30/09/2014 GHD 
1 School Road (2) Tai Tapu 30/09/2014 GHD 
36 Garden Road Merivale 06/12/2012 Beca 
24 Derrett Place Saint Martins 01/12/2013 Tonkin and Taylor 
9 Annaby Drive Belfast 08/02/2013 Tonkin and Taylor 
11 Pasadena Place Bishopdale 19/02/2013 Tonkin and Taylor 
72 Charles Street Kaiapoi 10/11/2010 Tonkin and Taylor 
903 Lower Styx Road Spencerville 18/12/2012 Tonkin and Taylor 
6 Tern Street South New Brighton 05/06/2012 Tonkin and Taylor 
15 Linkwater Way Parklands 27/06/2013 Coffey Geotechnics 
187 Rocking Horse Road Southshore 26/03/2013 Tonkin and Taylor 
Table 5.5: List of additionally tested sites. ‘Source’ represents the company who carried out the geotechnical investigation 
and submitted it to the Canterbury Geotechnical Database. 
Each test site contained a CPT/borehole pair, which was tested in the same way as specified above, with the 
boundaries changed to replicate those in Table 5.4, and the resulting graph and log compared to the original 
borehole provided by the company from which the CPT was sourced. Appendix  displays the graphs, logs and 
borehole for each of the sites mentioned in Table 5.5. 
By adjusting the soil behaviour type boundaries, the soil behaviour types generated by each of the CPTs, 
appear to have a much closer correlation to the particle size and soil behaviour type results gained in the 
laboratory or logged from the adjacent boreholes. Table 17 summarizes the results for all 15 CPT/borehole 
pairs, along with the dominant soil type.  
As expected, the changes to the soil behaviour type boundaries specified in Table 5.4 for the sites named in 
Tables 5.5 and 5.6, gave generally very good results. As a percentage (including the initial CPT/borehole pairs 
used throughout this thesis), 67% of soil behaviour types improved to become more like that seen in the field 
or the tests that came out of the laboratory, while the remaining 33% remained unchanged i.e. the boundary 
changes did not affect them because the soil was too uniform. For example 187 Rocking Horse Road was made 
up of almost entirely sand, hence there was very little variation in the SBTn Plot and when the boundaries 
shifted, none of the intersections changed. Out of the 15 sites tested, none produced a negative result. 
As the soil behaviour type index liquefaction cutoff point was shifted from Ic > 2.6 to Ic > 2.5 in the CLiq analysis 
phase, satisfactory results were produced, particularly when focussing on the liquefaction potential and 
vertical settlement. These overall soil behaviour type boundary changes, therefore appear to solve both the 
soil behaviour type issues, as well as the overestimation of liquefaction potential and vertical settlement. 
Hence this became the main focus of the proposed methodology of this thesis, and the suggested ways in 
which to continue further CPT investigation in Christchurch and areas with similar soils. 
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Street Address Dominant Soil Types Result 
The Groynes, Johns Road, Northwood 
(2) 
Clayey SILT –Silty CLAY Improvement 
The Groynes, Johns Road, Northwood 
(3) 
Clayey SILT – Silty CLAY Improvement 
The Groynes, Johns Road, Northwood 
(1) 
Clayey SILT – SILT Improvement 
22a Viceroy Place, Halswell Clayey SILT – SILT Improvement 
1 School Road, Tai Tapu (1) Clayey SILT – Silty SAND Improvement 
1 School Road, Tai Tapu (2) Clayey SILT – Silty SAND Improvement 
36 Garden Road, Merivale Clayey SILT - SAND Improvement 
24 Derrett Place, Saint Martins SILT – Silty SAND No Change 
9 Annaby Drive, Belfast SILT – SAND Improvement 
11 Pasadena Place, Bishopdale SILT – SAND Improvement 
72 Charles Street, Kaiapoi Sandy SILT – SAND No Change 
903 Lower Styx Road, Spencerville Sandy SILT - SAND No Change 
6 Tern Street, South New Brighton Silty SAND – SAND Improvement 
15 Linkwater Way, Parklands Silty Sand – SAND No Change 
187 Rocking Horse Road, Southshore Silty SAND – SAND No Change 
Table 5.6: Summary of the 15 sites which were tested by the proposed methodology, and the overall results. 
 
5.7  PROPOSED METHODOLOGY 
This investigation has confirmed that there is an issue with the estimations being made by the CPT, in regards 
to the soil behaviour type, liquefaction potential and settlement values. It seems that the soil behaviour type 
Index, Ic, may be a leading cause towards this issue, due to its development based on soils vastly different from 
those found in northwest Christchurch. In section 5.6, changes to Ic soil behaviour type boundaries were 
explored and produced remarkably good results when tested on several different sites. In addition to this, it 
appears different analysis methods within CLiq can encourage different outcomes. Hence this section will 
propose a precise methodology which may be used for any future work in Christchurch, or locations containing 
soils of similar composition. This methodology includes steps 1 to 11, and is as follows: 
1. Record Cone Penetration Test as per normal at required location with suitable adjustments and 
corrections. 
2. Open the resulting Excell file in the CLiq liquefaction analysis software. 
3. Input required variables, such as water table depth, and ensure other assessment parameters are 
correct for the location. In Chistchurch it is suggested to use either the NCEER 2001 or Idriss and 
Boulanger 2008 overall assessment methods. For now, leave the layer detection unselected and the Ic 
liquefaction cutoff point at 2.6, despite normal preferences. 
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4. Locate and export SBT Plot. This can be reached either on page 2 ‘CPT basic interpretation plots’ in 
the CLiq ‘Overall analysis report’, or straight out of CLiq under ‘Interpretation Results’ – ‘Basic Plots’ 
5. Either print SBT Plot, or open into a computer software which enables minor changes (drawing) to be 
made to the exported plot. 
6. Draw vertical lines onto the SBT plot at: 
 Ic = 1.31, 
 Ic = 1.90, 
 Ic = 2.50, 
 Ic = 3.20, 
 Ic = 3.60 
These are the new soil behaviour type boundaries. 
7. At each point where the yellow Ic plot line intersects one of the new soil behaviour type boundary 
lines, which were added in the previous step, make a small mark so that they can be easily noticed in 
the following steps. 
8. With depth below the surface running downwards from 0 on the y axis (using the same scale as the 
SBT plot), make a graph which should end up looking similar to the soil behaviour type plot generated 
from CLiq (also on page 2 ‘CPT Basic Interpretation Plots’). Each of the small marks made in step 7 will 
become the beginning/ending of a stratigraphic layer. It is important to be aware of places where the 
cone penetrometer was moving through a boundary transition, and to avoid making these into 
another layer. Along the x axis, each soil behaviour type will reach a different point, where: 
 Organic material (Ic > 3.6) = 1cm from the y axis 
 Clay – slity clay (3.2 > Ic <3.6) = 2cm from the y axis 
 Clayey silt – silt (2.5 > Ic < 3.2) = 3cm from the y axis 
 Silty sand – sandy silt (1.9 > Ic < 2.5) = 4cm from the y axis 
 Clean sand – silty sand (1.31 > Ic < 1.9) = 5cm from the y axis 
 Gravelly sand – sand ( Ic < 1.31) = 6cm from the y axis. 
In addition to these lengths, it  is also useful to colour code each soil behaviour type group, in order to 
easier distinguish the different layers. 
9. It is not entirely necessary, but has been found useful in this study to then produce a soil log of the 
same graph made in step 8. Steps 8 and 9 provide a soil behaviour type profile. 
10. Back in CLiq, change the assessment parameters so that layer detection and weighting factor is 
selected and the Ic liquefaction cutoff value is at 2.5. It is recommended that the overall assessment 
method is either NCEER 2001 or Idriss and Boulanger 2008. 
11. Create a full CPT report, to determine the liquefaction potential index and vertical settlement. 
Figure 5.10 demonstrates this process using a flow chart. For an example of this process with figures, proceed 
to the next section, 5.8. 
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Figure 5.10: A summary flow chart for the revised methodology proposed in this thesis. 
 
5.8  APPLICATION OF THE PROPOSED METHODOLOGY 
In order to correctly grasp the process described in section 5.8, an example will be conducted based on the 
previously examined 22 Viceroy Place located in Halswell, which contains predominantly silty soils with some 
sands. 
Tonkin and Taylor conducted the site investigation, which included both a borehole and a CPT. A description of 
the soil types according to the borehole is: 
0.0 – 0.15m Concrete 
0.15 – 1.45m Silty SAND with organics, no plasticity 
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1.45 – 2.15m Silty fine SAND with organics, no plasticity 
2.15 – 3.0m Sandy SILT, low plasticity 
3.0 – 6.0m Very fine sandy SILT, low plasticity 
6.0 – 6.5m SAND, no plasticity 
6.5 – 7.5m Silty SAND, no plasticity 
7.5 – 8.0m SAND, no plasticity 
As step 1 from the proposed methodology has previously been completed by Tonkin and Taylor, this example 
will begin at step 2. 
Open the resulting Excell file in CLiq. 
An example of 22 Viceroy Place open in the CLiq software is shown in Figure 5.11 below. Note that more plots 
are available when other tabs are open. This is the working screen in CLiq, where the assessment parameters 
are able to be adjusted, and the plots are able to be explored. 
 
Figure 5.11: The working screen in CLiq for 22 Viceroy Place (CPT provided by the Canterbury Geotechnical Database – 
Tonkin and Taylor). 
Input required variables in CLiq. 
Figure 5.12 is the Liquefaction assessment parameters dialogue box, which can be opened via the main screen 
(displayed in Figure 5.11 above). There are 5 different tabs which display a large range of input parameters. All 
of the parameters changed within the CLiq sensitivity analysis in this thesis are located in the first three tabs. 
Specifically, in the tab open in Figure 5.12, it can be seen that the Ic liquefaction cutoff value remains as 2.60 
for this stage in the process, as well as the transistion layer detection and weighting factor remaining un-
checked. 
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Figure 5.12: Liquefaction assessment parameters dialogue box in CLiq showing the Ic cutoff value remains at 2.60. 
Locate and export SBT Plot. This can be reached either on page 2 ‘CPT basic interpretation plots’ in the CLiq 
‘Overall analysis report’, or straight out of CLiq under ‘Interpretation Results’ – ‘Basic Plots’ 
Figure 5.13 points out the SBT Plot by circling it in red. This is the latter location, ‘straight out of CLiq under 
‘Interpretation Results’ – ‘Basic Plots’. The exported plot is shown in Figure 5.14 a). 
 
Figure 5.13: The overall analysis report working screen in CLiq. The red circle shows the location of the SBT Plot. 
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Either print the SBT Plot, or open into a computer programme which enables minor changes (drawing) to be 
made to the exported plot. 
For example Corel Draw, Adobe Photoshop, or the Windows accessory, Paint. 
Draw vertical lines onto the SBT plot at: 
 Ic = 1.31, 
 Ic = 1.90, 
 Ic = 2.50, 
 Ic = 3.20, 
 Ic = 3.60 
These are the new soil behaviour type boundaries. 
The transition between the SBT Plot before and after the new boundary lines are drawn is shown in Figures 
5.14 a) and b). The solid black lines in(b) represent the new soil behaviour type boundaries which were added 
using the Windows accessory, Paint. This can easily (and more accurately) be done by hand, if the SBT Plot 
export was printed, and was done so for the testing throughout this thesis, however Paint depicted the 
process clearer for this demonstration. 
 
Figure 5.14: The exported SBT Plots for 22 Viceroy Place, showing adjusted SBT boundary lines (b) and line intersections (c). 
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At each point where the yellow Ic plot line intersects one of the new soil behaviour type boundary lines, 
which were added in the previous step, make a small mark. 
Figure 5.14 c) displays the results of this process with the small horizontal red lines located at each 
intersection. Note that in some places where the yellow SBT line barely reaches the solid black lines (the new 
soil behaviour type boundaries) it was or was not included as an intersection, and the decision as to whether it 
intersected enough to be considered a new layer was decided upon during initial analysis as it was easier to 
read and to be more precise when the boundary lines were drawn on by hand. 
With depth below the surface running downwards from 0 on the y axis (using the same scale as the SBT 
plot), make a graph which should end up looking similar to the soil behaviour type plot generated from CLiq 
(also on page 2 ‘CPT Basic Interpretation Plots’). Each of the small marks made in step 7 will become the 
beginning/ending of a stratigraphic layer. It is important to be aware of places in which the cone 
penetrometer was moving through a boundary transition, and to avoid making these places into another 
layer. Along the x axis, each soil behaviour type will reach a different point, where: 
 Organic material (Ic > 3.6) = 1cm from the y axis 
 Clay – slity clay (3.2 > Ic <3.6) = 2cm from the y axis 
 Clayey silt – silt (2.5 > Ic < 3.2) = 3cm from the y axis 
 Silty sand – sandy silt (1.9 > Ic < 2.5) = 4cm from the y axis 
 Clean sand – silty sand (1.31 > Ic < 1.9) = 5cm from the y axis 
 Gravelly sand – sand ( Ic < 1.31) = 6cm from the y axis. 
In addition to these lengths, it  is also useful to colour code each soil behaviour type group, in order to easier 
distinguish the different layers. 
Figure 5.15 points out the Soil Behaviour Type Plot by circling it in red. 
 
Figure 5.15: Overall analysis report working screen in CLiq. The red cicle shows the location of the Soil Behaviour Type plot. 
 
 
66 
 
Figure 5.16 displays the resulting graph (left) for 22 Viceroy Place, and how it should be set out. 
 
Figure 5.16: The graph for 22 Viceroy Place showing the new soil behaviour type. On the right the graph has been put back 
into log form (middle) to compare with the borehole log (left) and the original CPT soil behaviour type (right). 
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It has been found useful in this study to then produce a soil log of the same graph made in step 8. 
In the columns on the right hand side of the graph, moving from left to right, is the original borehole logged by 
Tonkin and Taylor, the new CPT log taken from the graph (with the adjusted SBT boundaries), and the original 
CPT log (with the original soil behaviou type index boundaries). With inspection it can be seen that the 
adjusted soil behaviour type boundaries column correlates better with the borehole column, than the original 
soil behaviour type boundaries column does. 
Back in CLiq, change input variables so that the layer detection and weighting factor is selected, and the Ic 
liquefaction cutoff point is at 2.5. It is also recommended that the overall assessment method is either 
NCEER 2001 or Idriss and Boulanger 2008. 
Finally, Figure 5.17 once again displays the Liquefaction assessment parameters screen, however this time 
demonstrates that the transition layer detection and weighting factor should be selected, and most 
importantly the Ic liquefaction cutoff value should be reduced to 2.5. 
 
Figure 5.17: Liquefaction assessment parameters dialogue box in CLiq highlighting that the transition layer detection and 
weighting factor should be checked, and the Ic cutoff value should be reduced to 2.50. 
From this example it can be seen that the soil behaviour type boundary changes can affect the soil behaviour 
type in a positive way. The far right hand column/log in Figure 5.16, displays a significant amount of clayey 
soils which apparently do not exist according to the borehole log (left hand column in Figure 5.16). However 
when looking at the proposed methodology graph or equivalent log (middle column), almost 100% of these 
clays have been eliminated, creating a higher accuracy in soil behaviour type estimation. 
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5.9 SYNTHESIS 
Research towards determining a soil behaviour type from the CPT test began in the late 1960s, with the first 
known rational method presented by Begemann (1965). Peter Robertson and his co-workers began publishing 
their exceptional research around the 1980s, which eventually lead to the development of the method used 
today. The soil behaviour type index, Ic, was initially presented by Jefferies and Davies (1993), who used the 
Robertson (1990) soil behaviour type chart to indicate soil type based on the radius of a series of concentric 
circles. Robertson and Wride (1998) updated the soil behaviour type index to become what is now used most 
commonly throughout the world. Robertson and Wride (1998) however express that the soil behaviour type 
index outlined in their paper does not apply to soils classified as clayey silt, silty clay or clay, suggesting that it 
is inappropriate for some Christchurch soils, and could be the reason why issues have been arising from CPT 
soil behaviour type, liquefaction potential index and vertical settlement potential. 
Subsequently a revised methodology for CPT liquefaction analysis has been developed for Christchurch or 
other areas containing similar soils. The predominant changes are to the soil behaviour type index boundaries, 
which are outlined as: 
 Ic < 1.31  Gravelly sand to dense sand:  no change 
 1.31 < Ic < 2.05 Sands: clean sand to silty sand:  change to 1.31 < Ic < 1.90 
 2.05 < Ic < 2.60 Sand mixtures: silty sand to sandy silt: change to 1.90 < Ic < 2.50 
 2.60 < Ic < 2.95 Silt mixtures: clayey silt to silty clay: change to 2.50 < Ic < 3.20 
 2.95 < Ic < 3.60 Clays: silty clay to clay:   change to 3.20 < Ic < 3.60 
 Ic > 3.60  Organics Soils: Peats:   no change 
These changes to the soil behaviour type boundaries were initially tested on the CPT/borehole pairings from 
the Groynes Park subdivision, and adjusted slightly through trial and error. Next they were tested on 12 
additional sites, most of which were taken from the Canterbury Geotechnical Database, in order to determine 
their success elsewhere in Christchurch. Upon a high success rate, an 11 step process was devised for the 
proposed methodology, and this was demonstrated by applying the methodology to one of the 12 additionally 
tested sites, 12 Viceroy Place. 
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CHAPTER 6 
SUMMARY AND CONCLUSIONS 
6.1  PROJECT OBJECTIVES 
Extensive geotechnical work carried out in Christchurch after the 2010/2011 earthquake sequence has 
identified issues with both the soil behaviour type and the calculated liquefaction and vertical settlement 
potentials. Robertson and Wride (1998) state that ‘The field observation data used to compile the CPT 
database are… Holocene age, clean sand deposits; level or gently sloping ground… Caution should be exercised 
when extrapolating the CPT correlation to conditions outside of the above range’ and ‘This shows that the 
integrated CPT method… as outlined here, does not apply to soils that would be classified as clayey silt, silty 
clay, or clay… when interpretation of the CPT indicates that these types of soils are present, samples should be 
obtained and evaluated using other criteria…’ (Robertson and Wride (1998) pages 448 and 456 respectively). 
Christchurch is made up of a range of different soil types. To the east, soils consist predominantly of sands and 
sandy silts, however in the northwest soils often consist of clayey silt, silty clay, clay and peat, which Robertson 
and Wride specifically say are unsuitable for their method of CPT evaluation.  
The objectives of this thesis were therefore to determine: 1) if the Robertson and Wride (1998) soil behaviour 
type index, Ic, required adjustment, both for the soil behaviour type boundaries and the liquefaction cutoff 
point of Ic > 2.6, 2) if any of the assessment parameters in the liquefaction analysis software CLiq could be a 
contributing factor to the high liquefaction and settlement values, and 3) to develop a revised methodology for 
CPT liquefaction analysis in northwest Christchurch.   
 
6.2  PRINCIPAL CONCLUSIONS 
This thesis has investigated the accuracy of the soil behaviour type, liquefaction and vertical settlement 
potential gained from the CPT using the Robertson and Wride (1998) method in northwest Christchurch. Three 
boreholes were tested in the laboratory, and produced sufficient data to use as direct comparisons to adjacent 
CPT’s. Comparison was made between the CPT soil behaviour type and the soil types given by the Laser-Sizer, 
Hydrometer, Atterberg Limits and Logging using the NZGS standards. Each test was displayed within the 
stratigraphic profile in order to compare each stratigraphic layer with those of the same depth produced by 
the CPT. 
When making comparisons, it became clear that the CPT soil behaviour type was specifying soils that were 
somewhat different from what was actually present (according to the tests conducted in the laboratory). It 
was determined that the CPT was over-estimating the clay content within soils at the Groynes Park 
subdivision. Additionally, many of the silty sands were specified as too coarse by the CPT soil behaviour type. 
An average of the results shown in Table 3.6 (chapter 3) shows that 62% of CPT soil behaviour type analysis 
was predicted as too fine, while 20% was too coarse, and only 18% of the soil behaviour types were accurately 
predicted at Groynes Park. This confirmed that there is an issue with the CPT test analysis in terms of soil 
behaviour type, and it seems reasonable to assume that the same issues are occurring in other parts of 
Christchurch which contain similar soils. The most likely reason for this is that the Robertson and Wride (1998) 
soil behaviour type index method was based on soils different from the silty clay and clayey silt soils found in 
Christchurch, potentially making it unsuitable. 
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The investigation in CLiq confirmed that adjusting the assessment parameters can lead to significant changes 
in the final results for a number of different plots. There were very minimal changes to the soil behaviour type 
seen with any of the assessment parameter adjustments, other than when the water table was lowered. 
Hence the sensitivity analysis confirmed the importance of insuring the water table elevation is entered 
correctly, and that the soil behaviour type boundaries are correct for the soils in Christchurch. It also became 
clear that while these variable changes may reduce (or in some cases increase) the liquefaction potential and 
vertical settlement values, the solution is likely to be generated as a result of changing the soil behaviour type 
index, Ic > 2.6 liquefaction cutoff point. 
The soil behaviour type boundaries were adjusted according to site-specific requirements and appear to solve 
both the soil behaviour type issues, and reduce the overestimation of liquefaction potential and vertical 
settlement. This became the main focus of the proposed methodology of this thesis, and the suggested ways 
to reliably continue further CPT investigation in Christchurch and areas with similar soils. 
 
6.3  REVISED METHODOLOGY FOR CHRISTCHURCH SOILS 
As a result of the investigation in this thesis a revised methodology was developed for liquefaction analysis in 
northwest Christchurch. The Ic soil behaviour type boundaries were adjusted, in order to better define soils 
below the ground, and the liquefaction cutoff point of Ic > 2.6 was reduced to Ic > 2.5 in hopes of reducing the 
liquefaction and settlement potentials. The original boundaries defined by Robertson and Wride (1998) were: 
 Ic < 1.31  Gravelly sand to dense sand 
 1.31 < Ic < 2.05 Sands: clean sand to silty sand 
 2.05 < Ic < 2.60 Sand mixtures: silty sand to sandy silt 
 2.60 < Ic < 2.95 Silt mixtures: clayey silt to silty clay 
 2.95 < Ic < 3.60 Clays: silty clay to clay 
 Ic > 3.60  Organics Soils: Peats 
The adjusted soil behaviour type boundaries included in the revised methodology for Christchurch soils are:  
 Ic < 1.31  Gravelly sand to dense sand 
 1.31 < Ic < 1.90 Sands: clean sand to silty sand 
 1.90 < Ic < 2.50 Sand mixtures: silty sand to sandy silt 
 2.50 < Ic < 3.20 Silt mixtures: clayey silt to silty clay 
 3.20 < Ic < 3.60 Clays: silty clay to clay 
 Ic > 3.60  Organics Soils: Peats 
These adjusted boundaries can be drawn (either by computer software or by hand) onto the CLiq SBT Plot, and 
the new soil behaviour types can be plotted and displayed in log form. To run a liquefaction analysis test in 
CLiq, the Ic liquefaction cutoff value must be changed to 2.5 and it is suggested to run either the NCEER 2001 
or Idriss and Boulanger 2008 overall methods of analysis, together with the layer detection and weighting 
factor options selected. 
When the soil behaviour type boundary changes were applied to the different test sites used in this thesis, 
67% showed an improvement of the soil behaviour type, while the remaining 33% remained unchanged, 
predominantly because they consisted of entirely sand. This fact along with the positive effect the change from 
Ic > 2.6 to Ic > 2.5 for the liquefaction cutoff point had on the liquefaction potential and vertical settlement, 
suggests that the overall soil behaviour type boundary changes appear to solve the soil behaviour type issues 
and reduce the overestimation of liquefaction potential and vertical settlement. The revised methodology 
proposed in this thesis, therefore provides a useful tool for liquefaction analysis in Christchurch. 
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6.4  LIMITATIONS 
Time was the largest implication during this thesis, as it limited not only the amount of time spent in the 
laboratory, but also time investigating other possible solutions. Almost 50% of this thesis was spent conducting 
laboratory tests, in order to establish a satisfactory database, which could be used for analysis and 
investigation. Having more than three CPT/borehole pairs would have helped to validate the proposed 
methodology and perhaps refine it further due to more variation within the different soils.  
More time investigating CLiq would have been preferred. It was noted earlier that this thesis does not go into 
detail on what particular assessment parameters would be most suitable for Christchurch. It would have been 
highly useful if added into the proposed methodology, to provide a more consistent end result. Within the 
small amount of investigation that was conducted, some of the parameters were recognised to consistently 
predict higher levels of liquefaction potential and vertical settlement, and a considerably large amount of 
assessment parameters were entirely unexplored. 
Another limitation was the different laboratory tests that were relied upon for particle size analysis. Within the 
three tests conducted (Laser-Sizer, Hydrometer and Atterberg Limits) as well as the logged boreholes, some 
clear differences were seen when making comparisons. In particular, as was noted earlier, the Laser-Sizer 
under-estimated the clay content significantly, up to 3 times less than that of the Hydrometer. Upon 
researching this issue it appears to be known, however over-looked by many. 
Due to the small number of data as mentioned above, it was deemed necessary to use the Canterbury 
Geotechnical Database to access more sites in Christchurch in order to test out the claims made within the 
proposed methodology. The Canterbury Geotechnical database was useful and it backed up the method very 
well, however it must be noted that this process relied upon borehole logging. While logging is an effective 
method to use in geotechnical investigation it must be acknowledged that each of these boreholes will have 
been logged by different people, which could mean they are somewhat inconsistent. For example the 
difference between a clayey SILT and a silty CLAY may be seen differently by two people, but these small 
details have been important when characterising particle size and soil behaviour type in this thesis. 
In accordance with the aforementioned limitation, it would have been highly useful if the database contained 
sites where known amounts of liquefaction and/or vertical settlement occurred. This would make it possible to 
determine how much the CPT predictions of liquefaction and settlement required decreasing. The liquefaction 
cutoff point Ic > 2.6 could have been adjusted accordingly, and hence the newly proposed method of analysis 
would be more refined.  
 
6.5  FUTURE RESEARCH 
Future work could involve an account of which CLiq assessment parameters should be used for maximum 
accuracy in fine grained, clayey soils such as those in northwest Christchurch. This thesis acted as a starting 
point towards finding these assessment parameters, and concluded that changes in the results will occur 
depending on which are used. In particular, the Idriss and Boulanger 2008 overall assessment method would 
be a useful starting point to compare with the NCEER 2001 overall assessment method, as it is recommended 
by the MBIE for use in Christchurch. 
Sites which have a measured amount of liquefaction or settlement from past earthquakes which occurred 
during the Canterbury earthquake sequence, could be directly compared with the CPT liquefaction analysis 
results. This would help to define which CLiq assessment parameters should be utilised in certain 
investigations throughout Christchurch, for example sites with clay rich soils. This may be of particular use for 
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the liquefaction cutoff point of Ic > 2.6, which was adjusted to Ic > 2.5 in this thesis. The adjustment was an 
estimation only, and therefore requires more accuracy.  
An investigation on the water table elevation in CLiq would also be highly useful. It was established in this 
thesis that there is an issue with only having the ability to enter a single water table elevation into CLiq, 
despite the fact that there are often multiple ‘water tables’ in layered soils. The difference in the liquefaction 
analysis results when the elevation is raised and lowered was highlighted in chapter 4, where changes were 
seen in many of the plots, including the liquefaction potential index, vertical settlement, lateral displacement, 
factor of safety and CRR plots. Therefore if there are additional layers of water present, the CLiq liquefaction 
results may differ depending on which layer of water is entered. 
Finally, the inconsistencies with the laboratory tests which were identified in this thesis could be further 
investigated. The issues were found predominantly when comparing the Laser-Sizer with the Hydrometer to 
determine particle size, with the fines content for the Hydrometer on the order of three to four times greater 
than that of the Laser-Sizer. More tests and comparisons would be useful, and could perhaps lead to an 
understanding of how the issue is arising or a correction factor hypothesized.  
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APPENDIX A 
Appendix A consists of the data from the laboratory work conducted in this thesis. The following are included 
in Appendix A: 
 A.1 – Hydrometer grading curves, where groups 1 to 5 represent: samples collected from the Wetland 
area; samples collected from the Pipeline Excavation; borehole 1; borehole 2; and borehole 3, 
respectively. 
 A.2 – X-Ray Diffraction graphs. 
 A.3 – Overall results for each borehole and sample group. 
 A.4 – Borehole NZGS Logging and Laboratory soil classification comparisons. 
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APPENDIX A.1 – HYDROMETER GRADING CURVES 
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APPENDIX A.2 – X-RAY DIFFRACTION GRAPHS 
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Wetland Area 
    
 
Laser-Sizer Hydrometer 
Sample PI % Clay % Silt % Sand % Clay % Silt % Sand 
2 12 9.6 50 40.4 36 62.35 1.65 
3 19 9.5 44.2 46.3 36 55.4 8.6 
4 15 7.9 49.9 42.2 30 69.82 0.18 
8 8 3.9 46.8 49.3 15 73.18 11.82 
9 9 7.7 37.2 55.1 32 67.7 0.3 
R2 25 9.1 47.6 43.3 35 64.9 0.1 
 
Pipeline Excavation 
    
 
Laser-Sizer Hydrometer 
Sample PI % Clay % Silt % Sand % Clay % Silt % Sand 
1 9 7.5 86.4 6.1 22 74 4 
2 5 2.7 73.1 24.2 18 70.5 11.5 
3 26 6.4 93.6 0 26 73.9 0.1 
4 30 9.7 90.3 0 28 71.89 0.11 
5 26 9.2 89.1 1.7 22 77.16 0.84 
 
Borehole 1/6 
    
 
Laser-Sizer Hydrometer 
Sample PI % Clay % Silt % Sand % Clay % Silt % Sand 
1 11 10.1 86.2 3.7 48 51.96 0.04 
2 12 7.5 82.5 10 60 35.54 4.46 
3 5 3.9 69.3 26.8 22 78 0 
4 17 9.9 85.7 4.4 46 51.88 2.12 
5 15 6.7 76.8 16.5 21 78.88 0.12 
6 5 4.8 73.1 22.1 16 82.06 1.94 
7 6 5.2 82.5 12.3 18 78.16 3.84 
8 
 
6.2 74.7 19.1 19 75.32 5.68 
9 16 6.1 77 16.9 15 79.86 5.14 
10 12 17.7 76.3 6 57 41.01 1.99 
11 
 
20 78.5 1.5 47 52.71 0.29 
12 
 
1.9 13.7 84.4 12 14.1 73.9 
13 
 
2.1 14.3 83.6 15 59.8 25.2 
14 
 
3.1 20.4 76.5 7 19 74 
15 
 
3.6 60 36.4 11 62.94 26.06 
16 
 
9.9 85.3 4.8 25 74.83 0.17 
 
 
APPENDIX A.3 – OVERALL LABORATORY RESULTS 
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Borehole 2/7 
    
 
Laser-Sizer Hydrometer 
Sample PI % Clay % Silt % Sand % Clay % Silt % Sand 
1 18 13.2 75.9 10.9 42 57.88 0.12 
2 11 10.9 81.2 7.9 29 70.08 0.92 
3 14 18.2 80.7 1.1 35 64.95 0.05 
4 
 
6.6 79.1 14.3 12 87.67 0.33 
5 13 13.9 77.8 8.3 25 74.88 0.12 
6 9 8.6 81.5 9.9 27 72.85 0.15 
7 
 
12.8 80.7 6.5 21 78.92 0.08 
8 16 14.8 73.8 11.4 42 57.95 0.05 
9 16 23.2 76.5 0.3 14 85.83 0.17 
10 
 
3.7 37.3 59 39 53.95 7.05 
11 4 8.7 71.8 19.5 12 87.83 0.17 
12 5 8.5 81.5 10 10 94.81 -4.81 
13 5 5.8 73.4 20.8 8 87.16 4.84 
14 3 4.7 64.9 30.4 6 70.67 23.33 
15 6 6.6 80.7 12.7 13 82.83 4.17 
16 4 6.8 88 5.2 26 73.84 0.16 
17 8 13.2 83.5 3.3 30 69.92 0.08 
18 23 14.2 62.6 23.2 70 29.73 0.27 
 
Borehole 3/8 
    
 
Laser-Sizer Hydrometer 
Sample PI % Clay % Silt % Sand % Clay % Silt % Sand 
1 13 13.8 78 8.2 45 53.59 1.41 
2 13 13.1 79.9 7 48 51.94 0.06 
3 14 12 75.7 12.3 50 49.85 0.15 
4 8 10.8 82.7 6.5 27 72.97 0.03 
5 12 14 76.2 9.8 41 58.83 0.17 
6 6 8.2 86.1 5.7 35 64.79 0.21 
7 12 11.1 59.7 29.2 43 56.91 0.09 
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APPENDIX A.4 – BOREHOLE NZGS LOGGING AND LABORATORY 
SOIL CLASSIFICATION COMPARISONS 
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APPENDIX B 
Appendix B consists of the data from the CLiq sensitivity analysis conducted in this thesis. The following are 
included in Appendix B: 
 B.1 – Detailed adjusted assessment parameter changes. The detailed equivalents of Tables 4.2-4.7 in 
chapter 4 of this thesis. Appendix B.1 includes detail on the changes to the plots in CPTs 1, 2, and 5 for 
each assessment parameter adjustment. 
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CPT 1 Robertson 2009   
Category Plots Changed How they changed 
Page 1 - Liquefaction Analysis 
Report 
Factor of Safety Plot More stratigraphy identified as potentially liquefiable 
 Cyclic Resistance Ratio Plot More stratigraphy identified as potentially liquefiable 
Page 4 - Liquefaction Grain characteristic factor More detail, higher Kc in places 
Analysis Overall Plots Corrected normalized cone resistance More detail, higher QTn,cs in places 
Page 5 - Liquefaction 
Analysis Overall Plots 
Cyclic Resistance Ratio Plot More stratigraphy identified as potentially liquefiable 
Factor of Safety 
Plot 
More stratigraphy identified as potentially liquefiable 
Liquefaction Potential Index Higher Liquefaction Potential. Reaches 20LP at 11m depth, versus 20LP at 12m 
Vertical Settlement More settlement. 27cm versus 24cm 
Lateral Displacement More displacement. 360cm versus 300cm 
Page 6 - Check for 
Strength Loss Plots 
Normalized Cone Resistance Maximum reaches 490 versus 290 
Corrected normalized cone resistance Marginal differences in plot 
Liquefied Su/Sig'v Lower Peak Su ratio at ~ 12.5-13.2m 
Page 7 - Estimation of 
Post-Earthquake 
Settlements 
Factor of Safety Plot More stratigraphy identified as potentially liquefiable 
Strain Plot More stratigraphy identified as potentially liquefiable 
Vertical Settlement More settlement. 27cm versus 24cm 
Page 8 - Estimation of Corrected normalized cone resistance Higher Qtn,cs in places 
Post-Earthquake 
Lateral Displacement 
Cyclic Shear Strain More stratigraphy included in plot 
Lateral Displacement More displacement. 360cm versus 300cm 
 Factor of Safety Plot More stratigraphy identified as potentially liquefiable 
 
 
 
 
 
 
 
      
a) 
APPENDIX B.1 – DETAILED ADJUSTED ASSESSMENT PARAMETER CHANGES 
 
122 
 
CPT 2 Robertson 2009 
Category Plots Changed How they changed 
Page 1 - Liquefaction Analysis 
Report 
Factor of Safety Plot More stratigraphy identified as potentially liquefiable 
 Cyclic Resistance Ratio Plot More stratigraphy identified as potentially liquefiable 
Page 4 - Liquefaction Grain characteristic factor More detail, higher Kc in places 
Analysis Overall Plots Corrected normalized cone resistance More detail, higher Qtn,cs in places 
Page 5 - Liquefaction 
Analysis Overall Plots 
Cyclic Resistance Ratio Plot More stratigraphy identified as potentially liquefiable 
Factor of Safety Plot More stratigraphy identified as potentially liquefiable 
Liquefaction Potential Index Higher Liquefaction Potential. 14LP versus 7LP 
Vertical Settlement More settlement. 11cm versus 8cm 
Lateral Displacement More displacement. 150cm versus 115cm 
Page 6 - Check for 
Strength Loss Plots 
Normalized Cone Resistance Maximum reaches 500 versus 480 
Corrected normalized cone resistance Marginal differences in plot 
Liquefied Su/Sig'v Slightly lower Liq. Su ratio in places 
Page 7 - Estimation of 
Post-Earthquake 
Settlements 
Factor of Safety Plot More stratigraphy identified as potentially liquefiable 
Strain Plot More stratigraphy identified as potentially liquefiable 
Vertical Settlement More settlement. 11cm versus 8cm 
Page 8 - Estimation of 
Post-Earthquake 
Lateral Displacement 
Corrected normalized cone resistance Higher in places 
Cyclic Shear Strain More stratigraphy included in plot 
Lateral Displacement More displacement. 150cm versus 115cm 
Factor of Safety Plot More stratigraphy identified as potentially liquefiable 
 
 
 
 
 
 
 
 
      
b) 
123 
 
CPT 5 Robertson 2009 
Category Plots Changed How they changed 
Page 1 - Liquefaction Analysis Report 
 
Factor of Safety Plot More stratigraphy identified as potentially liquefiable 
Cyclic Resistance Ratio Plot More stratigraphy identified as potentially liquefiable 
 Soil Behaviour Type Plot Slightly finer grainsize 
Page 3 - Basic Norm. Soil Behaviour Type Slightly finer in places 
Interpretation Plots   
Page 4 - Liquefaction 
Analysis Overall Plots 
(Intermediate Plots) 
Grain characteristic factor More detail, slightly higher Kc in places 
Corrected normalized cone resistance More detail, slightly higher Qtn,cs in places 
Soil Behaviour Type Index Slightly finer grainsize 
Page 5 - Liquefaction 
Analysis Overall Plots 
Cyclic Resistance Ratio Plot More stratigraphy identified as potentially liquefiable 
Factor of Safety Plot More stratigraphy identified as potentially liquefiable 
Liquefaction Potential Index Higher Liquefaction Potential. 10.5LP versus 2LP 
Vertical Settlement More settlement. 5cm versus 2.8cm 
Lateral Displacement More displacement. 75cm versus 38cm 
Page 6 - Check for 
Strength Loss Plots 
Normalized Cone Resistance Slightly higher Qtn 
Corrected normalized cone resistance Slightly higher in some places 
Liquefied Su/Sig'v Higher Peak Su ratio in some places 
Soil Behaviour Type Index Finer grainsize 
Page 7 - Estimation of 
Post-Earthquake 
Settlements 
Factor of Safety Plot More stratigraphy identified as potentially liquefiable 
Strain Plot More stratigraphy identified as potentially liquefiable 
Vertical Settlement More settlement. 5cm versus 2.8cm 
Page 8 - Estimation of 
Post-Earthquake 
Lateral Displacement 
Corrected normalized cone resistance Higher in places 
Cyclic Shear Strain More stratigraphy included in plot 
Lateral Displacement More displacement. 75cm versus 38cm 
Factor of Safety Plot More stratigraphy identified as potentially liquefiable 
 Soil Behaviour Type Plot Finer grainsize 
 
c) 
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CPT 1 Water Table Raise 0.7m   
Category Plots Changed How they changed 
Page 1 - Liquefaction Analysis Report 
 
Factor of Safety Plot Slightly more stratigraphy identified as potentially liquefiable 
Cyclic Resistance Ratio Plot Slightly more stratigraphy identified as potentially liquefiable 
Page 2 - Basic Pore Pressure Slightly higher pore pressure 
Interpretation Plots   
Page 5 - Liquefaction 
Analysis Overall Plots 
Cyclic Resistance Ratio Plot Slightly more stratigraphy identified as potentially liquefiable 
Factor of Safety Plot Slightly more stratigraphy identified as potentially liquefiable 
Liquefaction Potential Index Higher Liquefaction Potential. 20LP at 11.5m versus 20LP at 12.3m 
Vertical Settlement Slightly more settlement. 25cm versus 24cm 
Lateral Displacement Slightly more displacement. 310cm versus 300cm 
Page 6 - Check for Normalized Cone Resistance Slightly higher Qtn 
Strength Loss Plots Liquefied Su/Sig'v Slightly lower Peak Su & Liq Su 
Page 7 - Estimation of 
Post-Earthquake 
Settlements 
Factor of Safety Plot Slightly more stratigraphy identified as potentially liquefiable 
Strain Plot Slightly more stratigraphy identified as potentially liquefiable 
Vertical Settlement Slightly more settlement. 25cm versus 24cm 
Page 8 - Estimation of 
Post-Earthquake 
Lateral Displacement 
Factor of Safety Plot Slightly more stratigraphy identified as potentially liquefiable 
Cyclic Shear Strain Slightly more stratigraphy included in plot 
Lateral Displacement Slightly more displacement. 310cm versus 300cm 
 
 
 
 
 
 
a) 
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CPT 2 Water Table Raise 0.7m      
Category Plots Changed How they changed 
Page 1 - Liquefaction Analysis Report Factor of Safety Plot Slightly more stratigraphy identified as potentially liquefiable 
 Cyclic Resistance Ratio Plot Slightly more stratigraphy identified as potentially liquefiable 
Page 2 - Basic Pore Pressure Slightly higher pore pressure 
Interpretation Plots   
Page 5 - Liquefaction 
Analysis Overall Plots 
Cyclic Resistance Ratio Plot Slightly more stratigraphy identified as potentially liquefiable 
Factor of Safety Plot Slightly more stratigraphy identified as potentially liquefiable 
Liquefaction Potential Index Higher Liquefaction Potential. 7.4LP versus 7LP 
Vertical Settlement Slightly more 
Lateral Displacement Slightly more 
Page 6 - Check for Normalized Cone Resistance Slightly more 
Strength Loss Plots Liquefied Su/Sig'v  
Page 7 - Estimation of 
Post-Earthquake 
Settlements 
Factor of Safety Plot Slightly more stratigraphy identified as potentially liquefiable 
Strain Plot Slightly more stratigraphy identified as potentially liquefiable 
Vertical Settlement Slightly more 
Page 8 - Estimation of 
Post-Earthquake 
Lateral Displacement 
Factor of Safety Plot Slightly more stratigraphy identified as potentially liquefiable 
Cyclic Shear Strain Slightly more stratigraphy included in the plot 
Lateral Displacement Slightly more 
 
 
 
 
 
 
b) 
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CPT 5 Water Table Raise 0.7m      
Category Plots Changed How they changed 
Page 1 - Liquefaction Analysis Report Factor of Safety Plot Slightly more stratigraphy identified as potentially liquefiable 
 Cyclic Resistance Ratio Plot Slightly more stratigraphy identified as potentially liquefiable 
Page 2 - Basic  Pore Pressure Slightly higher pore pressure 
Interpretation Plots   
Page 5 - Liquefaction 
Analysis Overall Plots 
Cyclic Resistance Ratio Plot Slightly more stratigraphy identified as potentially liquefiable 
Factor of Safety Plot Slightly more stratigraphy identified as potentially liquefiable 
Liquefaction Potential Index Slightly higher Liquefaction Potential 
Vertical Settlement More settlement. 2.8cm versus 2.5cm 
Lateral Displacement More displacement. 40cm versus 38cm 
Page 6 - Check for Normalized Cone Resistance Slightly higher Qtn 
Strength Loss Plots Liquefied Su/Sig'v Slightly lower peak Su 
Page 7 - Estimation of 
Post-Earthquake 
Settlements 
Factor of Safety Plot Slightly more stratigraphy identified as potentially liquefiable 
Strain Plot Slightly more stratigraphy identified as potentially liquefiable 
Vertical Settlement More settlement. 2.8cm versus 2.5cm 
Page 8 - Estimation of 
Post-Earthquake 
Lateral Displacement 
Factor of Safety Plot Slightly more stratigraphy identified as potentially liquefiable 
Cyclic Shear Strain Slightly more stratigraphy included in plot 
Lateral Displacement More displacement. 40cm versus 38cm 
 
 
 
 
 
 
c) 
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CPT 1 Water Table Lower 3.0m      
Category Plots Changed How they changed 
Page 1 - Liquefaction Analysis Report Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
 Cyclic Resistance Ratio Plot Less stratigraphy identified as potentially liquefiable 
 Soil Behaviour Type Plot Exaggerated, i.e. finer and coarser grainsize 
Page 2 - Basic Interpretation Plots Pore Pressure Lower pore pressure 
Page 3 - Basic Normalized Pore Pressure Ratio Higher Bq. <0.6 versus <0.5 
Interpretation Plots Soil Behaviour Type Plot Exaggerated, i.e. finer and coarser grainsize 
Page 4 - Liquefaction 
Analysis Overall Plots 
(Intermediate Plots) 
Soil Behaviour Type Index Exaggerated, i.e. finer and coarser grainsize 
Normalized cone resistance Lower Qtn 
  
Page 5 - Liquefaction 
Analysis Overall Plots 
Cyclic Resistance Ratio Plot Less stratigraphy identified as potentially liquefiable 
Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
Liquefaction Potential Index Lower Liquefaction Potential. 15LP at 14.3m versus 20LP at 12.3m 
Vertical Settlement Less settlement. 22cm versus 25cm 
Lateral Displacement Less displacement. 250cm versus 300cm 
Page 6 - Check for 
Strength Loss Plots 
Normalized Cone Resistance Lower Qtn. 265 versus 290 
Corrected normalized cone resistance Lower Cone Resistance 
Liquefied Su/Sig'v Higher peak Su ratio 
Soil Behaviour Type Index Exaggerated, i.e. finer and coarser grainsize 
Page 7 - Estimation of 
Post-Earthquake 
Settlements 
 
Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
Strain Plot Less stratigraphy included in plot 
Vertical Settlement Less settlement. 22cm versus 25cm 
Soil Behaviour Type Plot Exaggerated, i.e. finer and coarser grainsize 
Page 8 - Estimation of 
Post-Earthquake 
Lateral Displacement 
Corrected normalized cone resistance Lower Cone Resistance 
Cyclic Shear Strain Less stratigraphy included in plot 
Lateral Displacement Less displacement. 250cm versus 300cm 
Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
Soil Behaviour Type Plot Exaggerated, i.e. finer and coarser grainsize 
a) 
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CPT 2 Water Table Lower 3.0m     
Category Plots Changed How they changed 
Page 1 - Liquefaction Analysis Report Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
 Cyclic Resistance Ratio Plot Less stratigraphy identified as potentially liquefiable 
 Soil Behaviour Type Plot Exaggerated, i.e. finer and coarser grainsize 
Page 2 - Basic Interpretation Plots Pore Pressure Lower pore pressure 
Page 3 - Basic 
Interpretation Plots 
Normalized Pore Pressure Ratio Higher Bq 
Soil Behaviour Type Plot Exaggerated, i.e. finer and coarser grainsize 
Page 4 - Liquefaction 
Analysis Overall Plots 
(Intermediate Plots) 
Soil Behaviour Type Index Exaggerated, i.e. finer and coarser grainsize 
Normalized cone resistance Lower Qtn 
  
Page 5 - Liquefaction 
Analysis Overall Plots 
Cyclic Resistance Ratio Plot Less stratigraphy identified as potentially liquefiable 
Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
Liquefaction Potential Index Lower Liquefaction Potential. 6LP versus 7LP 
Vertical Settlement More settlement. 8.8cm versus 8.2cm 
Lateral Displacement More displacement. 121cm versus 118cm 
Page 6 - Check for 
Strength Loss Plots 
Normalized Cone Resistance Maximum reaches 430 versus 480 
Corrected normalized cone resistance Lower Cone Resistance 
Liquefied Su/Sig'v Higher peak Su ratio 
Soil Behaviour Type Index Exaggerated, i.e. finer and coarser grainsize 
Page 7 - Estimation of 
Post-Earthquake 
Settlements 
 
Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
Strain Plot Less stratigraphy included in plot 
Vertical Settlement More settlement. 8.8cm versus 8.2cm 
Soil Behaviour Type Plot Exaggerated, i.e. finer and coarser grainsize 
Page 8 - Estimation of 
Post-Earthquake 
Lateral Displacement 
Corrected normalized cone resistance LowerCone Resistance 
Cyclic Shear Strain Less stratigraphy included in plot 
Lateral Displacement More displacement. 121cm versus 118cm 
Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
 Soil Behaviour Type Plot Exaggerated, i.e. finer and coarser grainsize 
b) 
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CPT 5 Water Table Lower 3.0m      
Category Plots Changed How they changed 
Page 1 - Liquefaction Analysis Report Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
 Cyclic Resistance Ratio Plot Less stratigraphy identified as potentially liquefiable 
 Soil Behaviour Type Plot Exaggerated, i.e. finer and coarser grainsize 
Page 2 - Basic Interpretation Plots Pore Pressure Lower pore pressure 
Page 3 - Basic Normalized Pore Pressure Ratio Higher Bq 
Interpretation Plots Soil Behaviour Type Plot Exaggerated, i.e. finer and coarse grainsize 
Page 4 - Liquefaction 
Analysis Overall Plots 
(Intermediate Plots) 
Soil Behaviour Type Index Exaggerated, i.e. finer and coarser grainsize 
Normalized cone resistance Slightly lower cone resistance 
  
Page 5 - Liquefaction 
Analysis Overall Plots 
Cyclic Resistance Ratio Plot Less stratigraphy identified as potentially liquefiable 
Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
Liquefaction Potential Index Lower Liquefaction Potential. 1LP versus 2.2LP 
Vertical Settlement Less settlement. 1cm versus 2.8cm 
Lateral Displacement Less displacement. 14cm versus 38cm 
Page 6 - Check for Normalized Cone Resistance Slightly lower cone resistance 
Strength Loss Plots Corrected normalized cone resistance Lower Cone Resistance 
 Liquefied Su/Sig'v Higher Peak Su and Liq. Su ratio 
 Soil Behaviour Type Index Exaggerated, i.e. finer and coarser grainsize 
Page 7 - Estimation of 
Post-Earthquake 
Settlements 
 
Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
Strain Plot Less stratigraphy identified as potentially liquefiable 
Vertical Settlement Less settlement. 1cm versus 2.8cm 
Soil Behaviour Type Plot Exaggerated, i.e. finer and coarser grainsize 
Page 8 - Estimation of 
Post-earthquake 
Lateral Displacement 
Corrected normalized cone resistance Lower Cone Resistance 
Cyclic Shear Strain Less stratigraphy included in plot 
Lateral Displacement Less displacement. 14cm versus 38cm 
Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
Soil Behaviour Type Plot Exaggerated 
c) 
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CPT 1 Ic > 2.5   
Category Plots Changed How they changed 
Page 1 - Liquefaction Analysis Report Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
 Cyclic Resistance Ratio Plot Less stratigraphy identified as potentially liquefiable 
Page 5 - Liquefaction 
Analysis Overall Plots 
Cyclic Resistance Ratio Plot Less stratigraphy identified as potentially liquefiable 
Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
Liquefaction Potential Index Lower Liquefaction Potential. 17LP at 14.3m versus 20LP at 12.3m 
Vertical Settlement Less settlement. 19cm versus 25cm 
Lateral Displacement Less displacement. 230cm versus 300cm 
Page 6 - Check for Liquefied Su/Sig'v Slightly lower Liq. Su ratio 
Strength Loss Plots   
Page 7 - Estimation of 
Post-Earthquake 
Settlements 
Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
Strain Plot Less stratigraphy included in plot 
Vertical Settlement Less settlement. 19cm versus 25cm 
Page 8 - Estimation of 
Post-Earthquake 
Lateral Displacement 
Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
Cyclic Shear Strain Less stratigraphy included in plot 
Lateral Displacement Less displacement. 230cm versus 300cm 
 
 
 
 
 
 
a) 
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CPT 2 Ic > 2.5        
Category Plots Changed How they changed 
Page 1 - Liquefaction Analysis Report Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
 Cyclic Resistance Ratio Plot Less stratigraphy identified as potentially liquefiable 
Page 5 - Liquefaction 
Analysis Overall Plots 
Cyclic Resistance Ratio Plot Less stratigraphy identified as potentially liquefiable 
Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
Liquefaction Potential Index Lower Liquefaction Potential. 7LP versus 7.5LP 
Vertical Settlement Less settlement. 7.8cm versus 8.1cm 
Lateral Displacement Less displacement. 105cm versus 118cm 
Page 6 - Check for Liquefied Su/Sig'v Slightly lower Liq. Su ratio 
Strength Loss Plots   
Page 7 - Estimation of 
Post-Earthquake 
Settlements 
Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
Strain Plot Less stratigraphy included in plot 
Vertical Settlement Less settlement. 7.8cm versus 8.1cm 
Page 8 - Estimation of 
Post-Earthquake 
Lateral Displacement 
Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
Cyclic Shear Strain Less stratigraphy included in plot 
Lateral Displacement Less displacement. 105cm versus 118cm 
 
 
 
 
 
 
 
b) 
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CPT5 Ic > 2.5        
Category Plots Changed How they changed 
Page 1 - Liquefaction Analysis Report Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
 Cyclic Resistance Ratio Plot Less stratigraphy identified as potentially liquefiable 
Page 5 - Liquefaction 
Analysis Overall Plots 
Cyclic Resistance Ratio Plot Less stratigraphy identified as potentially liquefiable 
Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
Liquefaction Potential Index Lower Liquefaction Potential. 1.8LP versus 2.2LP 
Vertical Settlement Less settlement. 2.3cm versus 2.8cm 
Lateral Displacement Less displacement. 30cm versus 38cm 
Page 6 - Check for Liquefied Su/Sig'v Slightly lower Liq. Su ratio 
Strength Loss Plots   
Page 7 - Estimation of 
Post-Earthquake 
Settlements 
Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
Strain Plot Less stratigraphy included in plots 
Vertical Settlement Less settlement. 2.3cm versus 2.8cm 
Page 8 - Estimation of 
Post-earthquake 
Lateral Displacement 
Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
Cyclic Shear Strain Less stratigraphy included in plots 
Lateral Displacement Less displacement. 30cm versus 38cm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
c) 
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CPT1 Layer Detection 
Category Plots Changed How they changed 
Page 1 - Liquefaction Analysis Report Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
 Cyclic Resistance Ratio Plot Less stratigraphy identified as potentially liquefiable 
Page 5 - Liquefaction 
Analysis Overall Plots 
Cyclic Resistance Ratio Plot Less stratigraphy identified as potentially liquefiable 
Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
Liquefaction Potential Index Lower Liquefaction Potential. 12.5LP at 14.3m versus 20LP at 12.3m 
Vertical Settlement Less settlement. 14cm versus 25cm 
Lateral Displacement Less displacement. 170cm versus 300cm 
Page 6 - Check for 
Strength Loss Plots 
Liquefied Su/Sig'v Less stratigraphy identified in plot 
  
Page 8 - Estimation of 
Post-Earthquake 
Settlements 
Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
Strain Plot Less stratigraphy identified as potentially liquefiable Less Layers 
Vertical Settlement Less settlement. 14cm versus 25cm 
Page 9 - Estimation of 
Post-Earthquake 
Lateral Displacement 
Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
Cyclic Shear Strain Less stratigraphy included in plot 
Lateral Displacement Less displacement. 170cm versus 300cm 
 
 
 
 
 
 
 
a) 
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CPT 2 Layer Detection      
Category Plots Changed How they changed 
page1 - Liquefaction Analysis Report Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
 Cyclic Resistance Ratio Plot Less stratigraphy identified as potentially liquefiable 
Page 5 - Liquefaction 
Analysis Overall Plots 
Cyclic Resistance Ratio Plot Less stratigraphy identified as potentially liquefiable 
Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
Liquefaction Potential Index Lower Liquefaction Potential. 5LP versus 7LP 
Vertical Settlement Less settlement. 5.5cm versus 8cm 
Lateral Displacement Less displacement. 74cm versus 115cm 
Page 6 - Check for 
Strength Loss Plots 
Liquefied Su/Sig'v Less stratigraphy included in plot 
  
Page 8 - Estimation of 
Post-Earthquake 
Settlements 
Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
Strain Plot Less stratigraphy included in plot 
Vertical Settlement Less settlement. 5.5cm versus 8cm 
Page 9 - Estimation of 
Post-Earthquake 
Lateral Displacement 
Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
Cyclic Shear Strain Less stratigraphy identified in plot 
Lateral Displacement Less displacement. 74cm versus 115cm 
 
 
 
 
 
 
 
b) 
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CPT 5 Layer Detection       
Category Plots Changed How they changed 
Page 1 - Liquefaction Analysis Report Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
 Cyclic Resistance Ratio Plot Less stratigraphy identified as potentially liquefiable 
Page 5 - Liquefaction 
Analysis Overall Plots 
Cyclic Resistance Ratio Plot Less stratigraphy identified as potentially liquefiable 
Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
Liquefaction Potential Index Lower Liquefaction Potential. 2.2LP versus 2.5LP 
Vertical Settlement Less settlement. 1.9cm versus 2.8cm 
Lateral Displacement Less displacement. 26cm versus 38cm 
Page 6 - Check for 
Strength Loss Plots 
Liquefied Su/Sig'v Less stratigraphy included in plot 
  
Page 8 - Estimation of 
Post-Earthquake 
Settlements 
Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
Strain Plot Less Stratigraphy included in plot 
Vertical Settlement Less settlement. 1.9cm versus 2.8cm 
Page 9 - Estimation of 
Post-Earthquake 
Lateral Displacement 
Factor of Safety Plot Less stratigraphy identified as potentially liquefiable 
Cyclic Shear Strain Less stratigraphy included in plot 
Lateral Displacement Less displacement. 26cm versus 38cm 
 
CPT 1 Weighting Factor        
Category Plots Changed How they changed 
Page 5 - Liquefaction Vertical Settlement Less settlement. 15cm versus 25cm 
Analysis Overall Plots   
Page 7 - Estimation of Vertical Settlement Less settlement. 15cm versus 25cm 
Post-earthquake Strain Plot Less volumetric strain 
Settlements   
 
c) 
a) 
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CPT 2 Weighting Factor      
Category Plots Changed How they changed 
Page 5 - Liquefaction Vertical Settlement Less settlement. 4.2cm versus 8cm 
Analysis Overall Plots   
Page 7 - Estimation of Vertical Settlement Less settlement. 4.2cm versus 8cm 
Post-earthquake Strain Plot Less volumetric strain 
Settlements   
 
CPT 5 Weighting Factor       
Category Plots Changed How they changed 
Page 5 - Liquefaction Vertical Settlement Less settlement. 1.7cm versus 2.8cm 
Analysis Overall Plots   
Page 7 - Estimation of Vertical Settlement Less settlement. 1.7cm versus 2.8cm 
Post-earthquake Strain Plot Less volumetric strain 
Settlements   
 
b) 
c) 
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APPENDIX C 
Appendix C consists of the soil behaviour type data and results used for the development of the adjusted 
methodology in this thesis. The following are included in Appendix C: 
 C1. – The two boreholes attained from Samantha Webb, GHD (Tai Tapu School) used as additionally 
tested sites for the adjusted soil behaviour type boundaries. 
 C.2 – The boreholes attained from the Canterbury Geotechnical Database used as additionally tested 
sites for the adjusted soil behaviour type boundaries. Companies who carried out the borehole 
logging and submitted to the Canterbury Geotechnical Database include: Tonkin and Taylor, Coffey 
and Beca. 
 C.2 – The graphs with log comparisons for the soil behaviour type boundary adjustments. 
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APPENDIX C.1 – TAI TAPU BOREHOLE LOGS 
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APPENDIX C.2 – BOREHOLE LOGS FOR 10 ADDITIONAL SITES IN CHRISTCHURCH 
143 
 
144 
 
145 
 
146 
 
147 
 
 
148 
 
 
149 
 
150 
 
151 
 
152 
 
153 
 
154 
 
155 
 
 
 
 
APPENDIX C.3 – SOIL BEHAVIOUR TYPE BOUNDARY 
ADJUSTMENTS – GRAPHS AND LOGS 
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